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Summary 
The Fish Embryo Toxicity Test (FET) has been proposed and adopted by the OECD as a suit-
able alternative method for the acute toxicity testing of chemicals in adult fish. The present 
study was conducted to evaluate boundary parameters of the standard test design and how 
different modules can be changed to fill in the need for more sophisticated endpoints. The key 
aspects of this thesis were (1) the definition of impacts of the chemical and physical proper-
ties of a substance to cross the chorion, the acellular envelope by which the developing em-
bryo is surrounded during the first days of its development; (2) the possibility to assess the 
toxicity and behavior of highly reactive compounds in fish embryos; and (3) the transferabil-
ity of the test design to study the behavior of substances in the environment under controlled 
conditions. 
The chorion permeability was studied with differently sized polyethylene glycols (PEGs) 
which were applied to generate an osmotic gradient strong enough to result in deformed cho-
rions, if no uptake across the chorion is feasible. The extent of chorion shrinkage depended on 
PEG molecular weight, thus size, and the duration of exposure. The barrier function of the 
zebrafish chorion for molecules larger than 3,000 at 24 hpf and 4,000 Da at 48 hpf was de-
fined. For fathead minnow, the critical size to cross the chorion was narrowed down to 
4,000 Da. Imaging with nano-sized fluorescent microspheres revealed that besides the size of 
a molecule the surface properties, e.g. residue groups, are a key factor for uptake. Carbox-
ylate-modified microspheres (0.05 to 0.2 µm) of a size small enough to be able to cross the 
chorion via the pores were completely blocked by the chorion of zebrafish and fathead min-
nows. In further testing series with similarly sized microspheres bearing no additional func-
tional groups on the surface were shown to be taken up into zebrafish embryos and thus 
across the chorion. In order to expand the FET beyond the standard test design, as a further 
variation of the protocol, tests were initiated with differently aged test solutions of highly re-
active substances with the ability of self-coupling. To clarify if the mode of action is triggered 
by the formation of reactive oxygen species or other free radicals, ascorbic acid as a scaven-
ger was shown to be effective. The transferability of the standard laboratory protocol to a 
more environmentally relevant approach was documented by tests both in modified test medi-
um and natural waters. Whereas the complexity of aggregation, disaggregation and the for-
mation of complexes with naturally occurring organic matters could not be imitated by the 
amendment of humic acids, the use of natural water samples could be shown to yield results 
comparable to those expected in the environment. 
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Zusammenfassung 
Als Alternative zum akuten Fischtoxizitätstest mit adulten Fischen wurde von der OECD der 
Fisch Embryo Toxizitätstest mit dem Zebrabärbling (Danio rerio) verabschiedet. Die vorlie-
gende Studie sollte diverese Randparameter des Standardtestdesigns und die Veränderbarkeit 
von einzelnen Komponenten für eine anspruchsvollere Test-Auswertung ermitteln. Die 
Schwerpunkte lagen auf (1) der Klärung welche Rolle die chemischen und physikalischen 
Eigenschaften von Testsubstanzen bei der Überwindung des Chorions, das während der ersten 
Tage den Embryo umgibt, spielen; (2) der Möglichkeit, Toxizität und Verhalten von hochgra-
dig reaktiven Substanzen in Fischembryonen zu testen; und (3) der Übertragbarkeit des Test-
protokolls auf natürliche Umweltbedingungen, um das Verhalten von Substanzen in der Natur 
möglichst realistisch unter kontrollierten Bedingungen darzustellen.  
Die Durchgängigkeit des Chorions wurde mit verschieden großen Polyethylenglykolen 
(PEGs) getestet. Diese wurden hoch-konzentriert eingesetzt um einen osmotischen Gradient 
zu erzeugen, der in der Lage ist das Chorion zu deformieren sofern keine Aufnahme über das 
Chorion stattfinden kann. Das Ausmaß des Schrumpfens war eindeutig abhängig von dem 
PEG-Molekulargewicht und der Belastungsdauer. Der Rückfluss von Wasser und PEG-
Molekülen in das Zebrabärblings-Ei wurde für Moleküle größer als 3.000 Da (24 h nach der 
Befruchtung), bzw. größer als 4.000 Da (48 h nach der Befruchtung) deutlich verringert. Die 
kritische Größe um das Chorion der Dickkopfelritze (Pimephales promelas) zu überwinden, 
konnte auf 4,000 Da bestimmt werden. Mit Hilfe von fluoreszierenden Nano-Partikeln konnte 
gezeigt werden, dass neben der Substanzgröße die Oberflächenbeschaffenheit eines Moleküls 
von großer Bedeutung bei der Aufnahme durch das Chorion ist. Mit Carboxylgruppen modi-
fizierte Partikel wurden, trotz ihrer Größe von 0.05 – 0.1 µm, die eine Passage durch die Cho-
rionporen erlauben sollten, von der Eihülle von Zebrabärbling und Dickkopfelritze abge-
blockt. Weitere Versuche mit nicht weiter modifizierten Partikeln zeigte eine Aufnahme in 
den Embryo und somit auch durch das Chorion des Zebrabärblings. 
Um die Anwendbarkeit des FETs weiter auszubauen, wurden weitere Änderungen des Test-
protokolls vorgenommen. Durch das Altern von reaktiven Testsubstanzen wurde das toxische 
Potenzial von der Grundsubstanz und den jeweils geformten Produkten ermittelt. Um festzu-
stellen, ob die Toxizität durch die Bildung von reaktiven Sauerstoffmolekülen oder anderen 
freien Radikalen getriggert wird, wurde Ascorbinsäure erfolgreich als Radikalfänger einge-
setzt. Eine Übertragung des Testprotokolls auf umweltrelevantere Szenarien konnte sowohl 
durch die Durchführung mit modifiziertem Testwasser als auch mit natürlichem Wasser ge-
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zeigt werden. Während die Zugabe von Huminsäuren die Komplexität von Aggregation, Dis-
aggregation und die Komplexbildung mit natürlich vorkommendem organischem Material 
nicht ausreichend darstellen konnte, konnte bei Nutzung von natürlichen Gewässerproben als 
Matrix dem Verhalten in der Umwelt vergleichbare Resultate erzielt werden. 
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Introduction 
Fish embryos as alternatives to animal testing 
Acute toxicity tests with vertebrates are an integral part of the risk assessment and hazard 
identification of industrial chemicals, plant protection products, biocides, pharmaceuticals, 
feed additives and effluents (Scholz et al., 2013). The enormous amounts of chemicals pro-
duced and traded within the European Union lead to an increase in safety assessments and 
thus an increase in test animals (Basketter et al., 2012). Ethical concerns and animal welfare 
restrictions demand the development of non-animal testing strategies to ensure chemical safe-
ty for man and the environment. As early mentors for developing new alternative methods, 
Russel and Burch (1959) claimed to “refine, reduce or replace” animal testing. Thus, alterna-
tive methods should be developed to completely replace an animal test, to reduce the number 
of animals needed or to at least refine an existing test method to reduce pain and suffering of 
the test animals. This statement is also known as the 3R-principles and has been incorporated 
into current legislations and regulations. One of the biggest obstacles for the acceptance of 
alternative methods is that they should achieve similar results as obtained in animal testing, of 
which the bigger part had not been validated and whose reproducibility is partly scarce. 
When in 2003 the 7th amendment (Directive 2003/15/EC) of the EU Directive 76/768/EEC on 
cosmetics (EU, 1976) came into force, the ban of animal testing was mandatory as soon as 
valid alternative methods were available. The pressure on development and validation of non-
animal testing has been increased since 2009, when animal testing was completely banned for 
cosmetic products and their ingredients in the EU (Adler et al., 2011; Basketter et al., 2012; 
EU, 2009), supported by a marketing ban by Directive 1223/2009 (EU, 2009). In the field of 
human hazard identification the results from several non-animal in vitro methods are accepted 
by the OECD, especially in the area of skin sensitization (i.e., DPRA, ARE-Nrf2 Luciferase 
Test Method and KeratinoSens™), skin irritation/skin corrosion (i.e., RhE, TER, EpiSkin™, 
EpiDerm™) and eye damage/eye irritation (i.e., HET-CAM, BCOP, ICE, FL, EpiOcular™ 
EIT and STE; see status report by ECVAM (2015)). 
In 2007, the EU Regulation on chemicals and their safe use – REACH (Registration, Evalua-
tion, Authorization and Restriction of Chemical substances (EC, 2007)) came into force and 
the incorporation of the 3R-principles also became of major significance. The requirement of 
(eco)toxicological data is now strongly dependent on the tonnage of the produced or imported 
chemicals, and the extend of the tests batteries is exactly defined by the REACH Regulation 
(Annex VII – X, EC (2007)). According to the EU Regulation 1107/2009 (EC, 2009) all used 
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active substances and their formulated plant protection products need to be shown to pose an 
acceptable risk to humans, animals and plants before a successful registration in Europe. 
Since fish and amphibians play a major role in the aquatic food web, they are commonly used 
in higher tier studies for environmental hazard classification and risk assessment of chemi-
cals. Traditionally, the acute toxicity is determined with fish after 96 hours of exposure 
(OECD, 1992), however, ethical concerns have arisen, since fish are also considered capable 
of the nociception and pain perception (Sneddon, 2009). Moreover, in vitro alternative meth-
ods often offer a differentiated testing approach and promise a more economic, low-cost pro-
cedure. The development, validation and approval of relevant ecotoxicological alternative 
methods became mandatory to implement the demand of the REACH Regulation (Lilienblum 
et al., 2008) and thus, enormous effort was taken to fulfill these demands. The OECD formed 
a working group and published a Fish Toxicity Framework document, discussing all test 
guidelines (TG) and strategies adopted until 2011, reviews animal welfare and suggests pos-
sibilities to minimize fish toxicity testing (Hutchinson et al., 2016; OECD, 2012). To replace 
the acute toxicity tests with fish, e.g. OECD TG 203 (OECD, 1992), different approaches 
have been suggested: (1) the used of non-testing strategies for predicting the toxicity, such as 
grouping of chemical substances, quantitative structure-activity relationships (QSAR), read-
across and waiving (Burden et al., 2016; Scholz et al., 2013), (2) the use of cell cultures (Fent, 
2001; Schirmer et al., 2008; Segner, 1998, 2004) and (3) the use of fish embryos, especially 
zebrafish, Danio rerio, embryos (Lange et al., 1995; Nagel, 2002). 
Various studies found good correlations of toxicity in adults and that in zebrafish embryos 
(Belanger et al., 2013; Knobel et al., 2012; Lammer et al., 2009; Nagel, 2002; Ratte and 
Hammers-Wirtz, 2003b; Roex et al., 2002), making the use of fish embryos the most promis-
ing approach as an alternative for acute fish toxicity tests. Moreover, embryonic fish are sug-
gested to be suitable for the screening of large numbers of toxic substances (McKim, 1977; 
Van Leeuwen et al., 1985). In Germany, the 48 hours wastewater test with zebrafish embryos 
(DIN, 2001; ISO, 2007) has replaced in 2003 the traditional toxicity test using adult fish in the 
sewage water assessment. Consequentially, in 2006 the German Federal Environmental 
Agency (UBA) submitted an extended version of the zebrafish embryo acute toxicity test 
(zFET) as an alternative method to the acute toxicity test with fish to the Working Group of 
the National Coordinators of the OECD Test Program (Braunbeck et al., 2014). After several 
years of planning, a two-phase validation of inter- and intra-laboratory reproducibility and 
two rounds of commenting and revisions, the validation team submitted the final draft in 
April 2013 (Braunbeck et al., 2014; Busquet et al., 2014; Halder et al., 2012). In July 2013, 
Introduction 
 
7 
the OECD has finally assembled the new guideline 236 “Fish Embryo Acute Toxicity Test 
(FET)” for the testing of chemicals (OECD, 2013a), which has been officially recommended 
by the EURL ECVAM (European Union Reference Laboratory for Alternatives to Animal 
Testing) in 2014 (ECVAM, 2014). One of the recommended fish species for testing is the 
zebrafish, Danio rerio, as the use of its embryos before 120 hours post fertilization (hpf) are 
declared as non-protected stages (Belanger et al., 2010; EU, 2010; Strähle et al., 2012), be-
cause they do not feed externally (EU, 2010). 
In the last decades, the zebrafish embryo has emerged as an intensively used model organism 
in developmental biology, pharmacology and (eco)toxicology (Aleström et al., 2006; 
Braunbeck et al., 2014; Chakraborty et al., 2009; Dooley and Zon, 2000; Hill et al., 2005; 
Lele and Krone, 1996; McGrath and Li, 2008; Nagel, 2002; Parng et al., 2002; Peterson and 
MacRae, 2012; Rubinstein, 2006; Schulte and Nagel, 1994; Selderslaghs et al., 2009; Sipes et 
al., 2011; Yang et al., 2009). In (eco)toxicological studies, chemicals are tested with zebrafish 
embryos and have been shown to provide reliable endpoints for safety and risk assessment 
(Belanger et al., 2010; Braunbeck et al., 2005; Eaton et al., 1978; Hill et al., 2005; Lammer et 
al., 2009; McKim, 1977; Nagel, 2002; Scholz et al., 2008; Schulte and Nagel, 1994). Besides 
acute toxicity evaluating only mortality, other endpoints can be implemented to differentiate 
the mode of actions of the tested chemicals (summarized in Figure 1). 
The fish embryos can be exposed in various scenarios under controlled conditions in the la-
boratory. Traditionally, test substances are dissolved in the medium, however, some substance 
classes’ demand for more elaborated exposure scenarios. Highly lipophilic substances can be 
applied via passive dosing or via injection into the perivitelline space inside the egg envelope 
or the embryo. In a modified FET, embryos can be exposed to native sediment to gain infor-
mation about environmental conditions of lakes and rivers. After exposure in the FET, the 
embryos can be used to identify genotoxicity of single substances or complex environmental 
samples such as sediments or sediment extracts (Braunbeck et al., 2014; Garcia-Käufer et al., 
2015; Häfeli et al., 2011; Kosmehl et al., 2006; Osterauer et al., 2011). Also endocrine dis-
rupting potential of environmental relevant substances have been detected and their modes of 
action have been investigated in zebrafish embryos (Brion et al., 2004; Brion et al., 2012; 
Cohen et al., 2008; Cohen et al., 2014; Schiller et al., 2013). Moreover, single target organs in 
the endocrine system like the thyroid can be addressed easily in zebrafish embryos and eleu-
theroembryos (Baumann et al., 2016; Elsalini and Rohr, 2003; Huang et al., 2016; Power et 
al., 2001; Thienpont et al., 2011). There has been an increasing focus on establishing 
zebrafish embryos for the screening of non-animal developmental toxicity and chemical mode 
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of action within vertebrates (Augustine-Rauch et al., 2010; Brannen et al., 2010; Panzica-
Kelly et al., 2010; Paskova et al., 2011; Selderslaghs et al., 2009; Volz et al., 2015). Since 
early life stages were shown to be capable of metabolic transformation (Ito et al., 2010; Otte 
et al., 2010; Weigt et al., 2011; Weigt et al., 2012), the zebrafish embryo is the most promis-
ing model organism for detecting teratogenicity of chemicals and pharmaceuticals. However, 
harmonization of the testing systems and the endpoints for the identification of potential tera-
togens are crucial for prioritizing the chemicals for testing in higher vertebrates (Beekhuijzen 
et al., 2015; Ducharme et al., 2015; Gustafson et al., 2012; Nishimura et al., 2016). Expanding 
the FET towards more sophisticated endpoints like behavior, histology or enzyme activities, 
zebrafish embryos and hatched larvae have received increasing attention in the evaluation of 
neurotoxicity (de Esch et al., 2012; Klüver et al., 2015; Küster, 2005; Legradi et al., 2015; 
Linney et al., 2004; Nishimura et al., 2015; Padilla et al., 2011; Parng et al., 2007; Peterson et 
al., 2008; Tierney, 2011; Ton et al., 2006). Additionally, the lateral line system of the larvae 
with hair-cell bearing neuromasts can detect specifically ototoxic compounds (Chiu et al., 
2008; Froehlicher et al., 2009; Ton and Parng, 2005). The broad applicability and the ad-
vantages of non-animal testing with zebrafish embryos makes the FET a versatile tool for the 
detection of various general or highly specialized endpoints. An overview of the different 
testing scenarios and endpoints as described above is found in Figure 1. 
 
Figure 1: Overview of the different testing scenarios for various chemicals and the target systems and endpoints 
in the zebrafish embryo tests. 
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Zebrafish as a model species for ecotoxicological testing of chemicals 
The zebrafish, Danio rerio (Figure 2), was first described by Hamilton-Buchanan in 1822 
(Hamilton-Buchanan, 1822). It is a small benthopelagic freshwater representative of the fami-
ly Cyprinidae and originates from the Ganges River system, Burma and Sumatra (Eaton and 
Farley, 1974). As adults, they measures 3 to 5 cm with a fusiform and laterally compressed 
body. The mouth is directed upwards with two pairs of barbels. 
Male and female fish are both brownish-
green colored with a white-yellow belly 
and five to seven dark blue horizontal lat-
eral stripes extending from behind the 
operculum onto the end of the caudal fin. 
Only under spawning conditions, males 
can be easily distinguished from females 
by their more slender body and an orange 
to reddish tint in the silvery stripes along 
the body, while females can be recognized 
by their swollen bellies. 
The zebrafish is an excellent laboratory model species for toxicology, neurobiology and ge-
netics, as well as in general molecular and developmental biology (Hill et al., 2005; Kimmel 
et al., 1995; Laale, 1977; Lele and Krone, 1996; Spitsbergen and Kent, 2003; Westerfield, 
2000; Yang et al., 2009). It is comparably small, inexpensive, readily maintainable, easy to 
care for in the laboratory and will provide a large number of eggs (Laale, 1977). Maturity is 
reached within three months, so this short generation time is a striking feature for genetic and 
reproduction research. Egg production is possible throughout the year and one female produc-
es 50-200 transparent eggs per day (Braunbeck et al., 2005; Eaton and Farley, 1974). Due to 
the transparency of the egg envelope, the chorion, the development of the embryos and its 
organs can be observed under a microscope. The embryos fully develop within 96 hours at 
26 °C and the embryonic development was described in detail in numerous studies (Hisaoka 
and Battle, 1958; Kimmel et al., 1995; Laale, 1977). Therefore not only normal development 
can be studied, but also teratogenic and embryotoxic effects produced by chemicals. 
A detailed description of embryonic development is a fundamental prerequisite for estimating 
aberrations due to chemical exposure and the investigation of the modes of action. This para-
Figure 2: Adult Danio rerio. Upper individual: female can 
be recognized by its swollen body, lower individual: male 
with reddish tint in the silvery bands. Picture: E. Leist 
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graph summarizes the important stages of embryonic ontogenesis under optimal conditions as 
described by Kimmel et al. (1995), Westerfield (2000) and (Strähle et al., 2012). 
The eggs of Danio rerio are telolecithal and measure 0.7 – 1 mm in diameter. The first dis-
coidal partial cleavage occurs after about 45 minutes and thereafter cleavage continues every 
15 minutes until entering the blastula period. In this stage, several important developments 
take places: the embryo enters midblastula transition, the yolk syncytial layer forms, and 
epiboly begins. The gastrula period starts 5.25 hours post-fertilization. At this point, 50% of 
the yolk is covered by the yolk syncytial layer and the blastodisc, defining the 50% epiboly 
stage. 10 hours post fertilization (hpf), epiboly is finished and the embryo enters the segmen-
tation period, in which the somites develop, the primary organs become visible, the tail bud 
becomes more prominent and the embryo elongates. During the next hours, the developing 
tail begins to detach from the yolk and the embryo grows in size. By now, the trunk myo-
tomes produce weak muscular contractions, the lens placode appears and the otic placode has 
hollowed out into the otic vesicle. Furthermore, differentiation of the brain and the neuronal 
system takes place. At the beginning of the pharyngeal period (24 - 48 hpf), the embryo is 
about 1.9 mm long and characterized by a well-developed notochord and a completed set of 
30 somites. The nervous system is expanded, and the brain is sculptured into five lobes. The 
final body shape of the larva can be recognized by now, since the head begins to straighten, 
the tail has detached completely from the yolk and fins begin to form. Moreover, spontaneous 
movement becomes visible. The anlage of the eye is clearly visible. The heart begins to beat 
irregularly and blood cells begin to circulate. At an age of 30 hours, the embryo is about 
2.5 mm long and tail morphogenesis comes to an end. Pigmentation of the eyes and the body 
become visible. The heart beat is becoming more prominent, and blood circulation is stronger. 
Shallow pectoral fin buds become visible and more prominent at 42 hpf. During the hatching 
period between 48 and 72 hpf, the embryo grows in size. Pigmentation in form of star-shaped 
melanophores spreads out over the body. The mouths repositions from a midventral position 
between the eyes to an anterior position, protruding beyond the eyes. The majority of embryos 
have hatched by 72 hpf, and the larvae have already completed most of its early morphogene-
sis and now grow very rapidly. The mouth slits open and digestive organs are developed, but 
the anus open 24 h later, at 96 hpf. Although some swimming movements of the larvae be-
come visible shortly after hatch, the free swimming stage of embryos can be found only after 
120 hpf. The swim bladder has to be fully filled with air, which takes the embryo 3 - 4 days, 
startling at 72 hpf. At 28.5 °C, feeding starts at about 120 hpf, however, this is strongly de-
pendent on rearing temperature. 
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The Fish Embryo Acute Toxicity Test (FET) 
Fish maintenance and egg production have repeatedly been described in detail (Kimmel et al., 
1995; Nagel, 2002; Spence et al., 2008) and have been updated for the purpose of the 
zebrafish embryo acute toxicity test (Lammer et al., 2009). The day before a test starts, breed-
ing groups of non-treated, mature zebrafish at a ratio of 2 males and 1 female are transferred 
into special spawning tanks. These tanks hold one smaller tank with a grid instead of a bot-
tom, under which a spawning tray is placed. The smaller tank is inserted onto a small platform 
to achieve a water depth gradient (modification according to Sessa et al. (2008)). At the shal-
lower end, an artificial plant made of green plastic is placed to stimulate mating (see Figure 
3). Since zebrafish are photoperiod-dependent in their breeding, mating, spawning and fertili-
zation of the eggs take place within 30 to 60 minutes after onset of the light-period in the 
morning. Subsequently, the trays are removed and the eggs are transferred into big crystalliza-
tion dishes with clean water. 
After checking the quality of the spawned eggs, the pre-exposure is started as quickly as pos-
sible (< 1.5 hpf). Fertilized eggs are transferred into small glass dishes bearing about 5 - 10 ml 
of the respective test concentration. Only viable, fertilized and well divided eggs are trans-
ferred each separately into one well containing 2 ml of freshly prepared test concentration. 
The test is conducted with 20 embryos per concentration and 24 embryos per negative con-
trol. The four wells in the last column of each plate are internal negative controls. To verify 
sensitivity of the used batch, an additional positive control (4 mg/L 3,4-dichloroaniline) is 
performed. To prevent any loss of the chemical due to binding to the plastic wells, the plates 
are pre-saturated for 24 hours with the respective test concentration. The plates are covered 
with self-adhesive tape and the lid and placed in an incubator at 26 ± 1 °C with a light regime 
of 14 h light and 10 h dark. Figure 3 shows an overview of the FET procedure. The quality 
controls of the test are: fertility rate ≥ 70%, survival of the negative control embryos ≥ 90% 
and in the positive control a mortality rate of ≥ 30%.  
Embryos are examined every 24 hours until 96 hours post fertilization (see Figure 1), and 
lethal and sublethal endpoints (compare Table 1) are determined according to OECD TG 236 
(2013a), Schulte and Nagel (1994) and Bachmann (2002). 
Lethal effects: Coagulated embryos are determined at each observation time point. Besides, 
every 24 hours the detachment of the tail from the yolk and the lack of somites are recorded. 
The heartbeat in normal developed embryos is visible after 48 hours; thus, absence of the 
heartbeat is recorded from this time point onwards. 
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Figure 3: Procedure of the FET according to OECD TG 236 (OECD, 2013a). After spawning, the eggs are dis-
tributed into the respective test concentration in crystallization dishes, checked for fertilization success under the 
binocular and then distributed separately into the wells of pre-saturated 24-well plates. Last 4 wells are for inter-
nal negative control (white wells). Observation of embryo development is performed daily until 96 hpf. Graph 
according to Lammer et al. (2009) and Sessa et al. (2008). 
Sublethal effects: Embryos are examined for their development and, if retarded, recorded as 
underdeveloped. After 24 hours, the lack of spontaneous movement is considered as suble-
thal, if no movement occurred within 30 seconds. This is terminated to 24 hpf since at this 
point the embryo has reached a length which confined the ability to move inside the chorion. 
Lack or reduction of blood circulation is recorded, as well as a reduced heartbeat. From 
48 hpf onwards, the pigmentation of the eyes and the body are checked and edemata of the 
yolk sac or the pericardium are recorded. Embryos showing malformations of the eye anlage, 
the whole head, the spine, the tail or the somites are recorded separately. In general, all aber-
rations from the normal development and the negative control are noted in detail at each time 
point. 
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Table 1: Summary of the lethal and sublethal endpoints of the FET determined according to OECD TG 236 
(OECD, 2013a), Schulte and Nagel (1994) and Bachmann (2002). 
Is the FET protocol transferable to assess difficult substances? 
To expand the full potential and advantages of the FET for testing and screening of a variety 
of chemical substance classes further modifications of the standard testing procedure are 
needed. An alternative method using non-protected stages is especially attractive for the high 
throughput testing of industrial chemicals, pharmaceuticals or ingredients of cosmetic prod-
ucts. Challenging chemicals, such as quickly degrading substances are hard to assess properly 
and need special considerations. 
Hair dye molecules for example, are a class of highly reactive molecules able to react with 
air- and waterborne oxygen to form a variety of oxidized products and metabolites. Only pre-
viously, Belanger et al. (2013) have well established the relationship between FET and classi-
cal acute fish toxicity in vivo including some oxidative dyes.  
The assessment of the toxicity of the parent compound and the formed metabolites and by-
products in the FET might be challenging in the standard approach. If only diluted in water, a 
mixture of parent molecules and age-dependent amounts and classes of metabolites and/or 
Toxicological endpoints Exposure time (hpf) 
Lethal endpoints 24 48 72 96 120 
 Coagulation * * * * * 
 Non-detachment of the tail * * * * * 
 Lack of somites * * * * * 
  Lack of heartbeat   * * * * 
Sublethal endpoints           
 Lack of spontaneous movement *     
 Reduced heartbeat rate  * * * * 
 Reduced or lack of blood circulation  * * * * 
 Reduced or lack of pigmentation  * * * * 
 Affected eye development * * * * * 
 Edema formation (yolk sack or pericardium)  * * * * 
 Tail deformation
 a * * * * * 
 Spine deformation 
a * * * * * 
 Somite deformation * * * * * 
 Head deformation * * * * * 
  Retardation in development * * * * * 
a might be difficult to see within the chorion at 24 and 48 hpf 
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products will be assessed. To cover the ability of auto-oxidation and self-coupling of these 
reactive molecules, the process of aging of the stock solution before introducing the test or-
ganisms, freshly fertilized fish eggs, might be a small but powerful modification to cover the 
transformation of the molecules to various products. A possible option for assessing only the 
parent compound toxicity might be the prevention of oxidation by the amendment of scaven-
gers. 
Is the chorion a barrier? 
Although an excellent correlation between acute toxicity data determined with adult fish and 
fish embryos (Lammer et al., 2009; Nagel, 2002; Ratte and Hammers-Wirtz, 2003a; Roex et 
al., 2002), the egg envelope, the chorion, has repeatedly been discussed as a potential barrier 
for the uptake of chemical substances. 
For the first 2-3 days, the developing zebrafish embryo is surround by this acellular chorion 
known to be about 1.5 – 2.5 µm thick, consisting of three layers (Bonsignorio et al., 1996; 
Hisaoka, 1958; Laale, 1977; Rawson et al., 2000). The chorion is pierced by pore canals (see 
Figure 4) which are supposed to be important for the exchange of gas and excretion products 
(Hisaoka, 1958). The pores are distributed all over the chorion, with an estimated amount of 
7.2 x 105 (Hart and Donovan, 1983). Taking a closer look at the pores, they pierce only the 
innermost and middle layers. The outer diameter of the chorion pores have been measured to 
be 0.2 µm in an unfertilized egg (Hart and Donovan, 1983) and 0.5 - 0.7 µm in a fertilized egg 
in gastrula stage (Rawson et al., 2000). Rawson et al. (2000) determined the center-to-center 
distance to 1.5 – 2.0 µm, which Lee et al. (2007) verified in the chorion of living embryos 
using optical microscopy. The pore canals are cone-shaped, displaying a corkscrew ridged 
wall with a larger diameter at the inner surface (Rawson et al., 2000). However, on the outside 
of the chorion, several studies applying electron microscopy have found an electron-dense 
layer, which at some points appear to plug the pores completely (Hart and Donovan, 1983; 
Lillicrap, 2010; Rawson et al., 2000). Scanning electron microscopic (SEM) images taken by 
Lillicrap (2010) at 8000-fold magnification showed this layer to consist of individual poly-
peptides covering the outside of the chorion recessing into the pores (Figure 4 D). 
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Figure 4: Ultrastructure images of the zebrafish chorion. (A) TEM image of a cross section through the chorion 
of an unfertilized egg shows the organization into an outer, electron-dense (Z1), a middle, electron-lucident (Z2) 
and an inner, electron-dense (Z3) layers. The pore canal (P) does not pierce the outer layer (Z1), which is cov-
ered by a loose film (x17775; Hart and Donovan (1983)). (B and C) FE-SEM images showing the view on the 
inner surface of the chorion and reveal the cone-shaped form of the chorion pore canals (CPC; scale bars: 1 µm 
in panel B and 0.5 µm in panel C; Rawson et al. (2000)). SEM image of the outer surface of the chorion (D) 
reveals a dense polypeptide layer, recessing into the pore canals, with distinct projections and microorganisms 
adhere to it (x8 000, scale bar: 2 µm; Lillicrap (2010)) 
Under the influence of estrogens, the female produces in its liver vitellogenin which accumu-
lates in the maturing oocyte as the yolk. However, the proteins to form the egg envelope de-
rive only from the ovary (Del Giacco et al., 2000; Guraya, 1986; Wang and Gong, 1999). 
These chorion forming proteins, also called zona radiata (zr-) or zona pellucida (zp-) pro-
teins, are found to be homologous to mammalian zona pellucida proteins (Del Giacco et al., 
2000; Murata, 2003; Wang and Gong, 1999) and are clearly conserved among teleostean fish 
(Arukwe and Goksoyr, 2003). cDNA analysis revealed two major genes encoding for the cho-
rion (zona pellucida) proteins, Zp2 and Zp3 (Mold et al., 2001; Mold et al., 2009; Sano et al., 
2008; Wang and Gong, 1999), while Bonsignorio et al. (1996) found four major polypeptides 
(116, 97, 50 and 43 kDa). The 116 and 50 kDa proteins were stained by lectins, suggesting 
being N-linked glycoproteins. Amino acid analysis revealed more serine but less proline con-
tent compared to other species and Pullela et al. (2006) detected thiol-rich proteins in the cho-
rion of zebrafish via DSSA probes. Shortly after fertilization via the micropyle, the chorion 
proteins are cross-linked by a transglutaminase, leading to chorion hardening. This process is 
assumed to prevent polyspermy and to ensure an effective protection of the embryo (Hart and 
Donovan, 1983; Kim et al., 2004; Murata, 2003; Sano et al., 2008).  
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During development, the chorion structure and its permeability change dramatically. Within 
the first hours post fertilization (hpf), the chorion hardens and thus prevents polyspermy, pro-
tects the developing embryo and leads to a reduced permeability. This hardening process has 
been demonstrated with effluent to which embryos exposed from 0 - 1 hpf were more sensi-
tive compared to embryos exposed from 4 hpf onwards (Gellert and Heinrichsdorff, 2001). 
The stability of the chorion also decreases with age, as Kim et al. (2004) showed with an in-
creased penetration force needed for punctuating the chorions of blastula and gastrula staged 
embryos than for the ones of pre-hatching staged embryos. Additionally, Kais et al. (2013) 
illustrated a time-dependent increase in permeability of the chorion at 48 hpf compared to 
24 hpf by an increased uptake of 2,7-dichlorofluorescein.  
Whether a molecule is able to pass the chorion or not, seems to be dependent on its chemical 
and physical properties or its size. A restriction in uptake across the chorion was postulated 
for some small molecules, heavy metals, highly lipophilic substances and nanomaterials 
(Böhme et al., 2015b; Braunbeck et al., 2005; Fent et al., 2010; Meinelt et al., 2006; Osborne 
et al., 2013; Ozoh, 1980). Big and bulky substances, like polymers might also be restricted. 
These polymers and some high molecular weight surfactants (40,000 – 100,000 g/mol) were 
less toxic to embryos than to eleutheroembryos (Léonard et al., 2005) and dechorionated em-
bryos (Bodewein et al., 2016; Henn and Braunbeck, 2011). Furthermore, Creton (2004) 
showed the passage of 3 kDa fluorescent-labeled dextran across the chorion, but a restriction 
of 10 kDa fluorescent dextran. Besides molecular weight, also the structure of the molecule 
itself and different steric residue groups influence the uptake across the chorion, which was 
demonstrated with different substituted fluorescent molecules by Kais et al. (2013). This has 
led to the recommendation by the OECD, to switch to other, more appropriate toxicity tests 
for substances causing a delayed hatch, exceeding the molecular weight of 3 kDa or with a 
bulky molecular structure (OECD, 2013a).  
Aims of the thesis 
The need for reliable, quick and low-cost non-vertebrate-studies is increasing, thus as a poten-
tial alternative method, the zebrafish embryo toxicity test (FET) has been developed. With the 
FET, various general but also highly specific endpoints can be assessed to gain more infor-
mation on the toxicity of a chemical, but also on its mode of action. The test has been devel-
oped for zebrafish, but can be easily transferred to other cyprinids, such as the fathead min-
now. Zebrafish embryos are exposed for 96 hpf and thus a 48-hours period after hatch is cov-
ered. However, the uptake of chemicals across the chorion of teleost fish has been the key 
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point of criticism on this alternative method. Especially in regards with potentially upcoming 
issues with nanoscale particles, the concerns of false-negative classifications have risen. 
Therefore, the first four chapters of this thesis intend to clarify the question, whether the cho-
rion acts as an effective barrier for molecules and nano-sized particles: In Chapter I, different-
ly sized polymer molecules are tested in the FET. High concentrations of these polymers are 
used to evoke effects on the chorion of zebrafish, which then serves as endpoints to determine 
the critical molecular size for an uptake. In Chapter II and III, different nano-sized polysty-
rene beads, capsuling a fluorescent dye, are applied to determine the influences of size and 
surface properties on the uptake across the chorion of zebrafish. In Chapter IV, the chorion of 
another OECD-recommended fish species, the fathead minnow, is further evaluated with the 
materials and methods described in Chapter I and II. The results are shown in context to the 
results derived from tests with the zebrafish.  
To expand the FET beyond the standard test design according to OECD TG 236, further small 
but effective variations of the protocol have been evaluated. Highly reactive hair dye mole-
cules, and thus hard to assess in the standard FET, have been chosen to develop further adap-
tations in the FET test. The main emphasis of Chapter V was the observation of auto-
oxidation of the parent molecules, the formation of self-coupling products and the evaluation 
of the toxic potential of this mixture of molecules. To prevent auto-oxidation and thus to illus-
trate mainly the toxicity caused by the parent substance, the amendment of scavengers was 
tested. As part of an ecotoxicological test battery, the results derived in FET studies must be 
transferable to realistic scenarios, i.e. natural waters and their communities. The assessment of 
the FET in real aquatic environment, such as lakes, rivers and ponds is not feasible. However, 
the transferability of realistic natural scenarios such as elevated dissolved organic matter lev-
els, non-standardized test water and interactions with other, anthropogenically introduced 
substances in natural waters into the laboratory, has been evaluated in Chapter VI. 
Each chapter provides some additional background information relevant for the subject of the 
respective section. At the end of the thesis, all findings and conclusions are briefly summa-
rized. 
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Chapter I.  
Size does matter - Determination of the critical molecular 
size for the uptake of chemicals across the chorion of 
zebrafish (Danio rerio) embryos1 
  
                                                 
1 This chapter has been written by myself and has been accepted for publication by the Journal Aquatic Toxicol-
ogy as: Katharina E. Pelka, Kirsten Henn, Andreas Keck, Benjamin Sapel, Thomas Braunbeck “Size does matter 
– determination of the critical molecular size for the uptake of chemicals across the chorion of zebrafish (Danio 
rerio) embryos.” Received 17 July 2016, Revised 19 November 2016, Accepted 16 December 2016, Available 
online 21 December 2016. http://dx.doi.org/10.1016/j.aquatox.2016.12.015 
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1. Size does matter – Determination of the critical molecular 
size for the uptake of chemicals across the chorion of 
zebrafish (Danio rerio) embryos 
1.1 Abstract 
In order to identify the upper limits of the molecular size of chemicals to cross the chorion of 
zebrafish, Danio rerio, differently sized, non-toxic and chemically inert polyethylene glycols 
(PEGs; 2,000 – 12,000 Da) were applied at concentrations (9.76 mM) high enough to provoke 
osmotic pressure. Whereas small PEGs were expected to be able to cross the chorion, restrict-
ed uptake of large PEGs was hypothesized to result in shrinkage of the chorion. Due to a slow 
but gradual uptake of PEGs over time, molecular size-dependent equilibration in conjunction 
with a regain of the spherical chorion shape was observed. Thus, the size of molecules able to 
cross the chorion could be narrowed down precisely to ≤ 4,000 Da and the time-dependency 
of the movement across the chorion could be described. To account for associated alterations 
in embryonic development, fish embryo toxicity tests (FETs) according to OECD test guide-
line 236 (OECD, 2013a) were performed with special emphasis to changes in chorion shape. 
FETs revealed clear-cut size-effects: the higher the actual molecular weight (= size) of the 
PEG, the more effects (both acutely toxic and sublethal) were found. No effects were seen 
with PEGs of 2,000 and 3,000 Da. In contrast, PEG 8,000 and PEG 12,000 were found to be 
most toxic with LC50 values of 16.05 and 16.40 g/L, respectively. Likewise, the extent of cho-
rion shrinkage due to increased osmotic pressure strictly depended on PEG molecular weight 
and duration of exposure. A reflux of water and PEG molecules into the chorion and a result-
ing re-shaping of the chorion could only be observed for eggs exposed to PEGs ≤ 4,000 Da. 
Results clearly indicate a barrier function of the zebrafish chorion for molecules larger than 
3,000 to 4,000 Da. 
1.2 Introduction 
Since the principles of Russel and Burch (1959) to “refine, reduce or replace” animal testing 
were incorporated into the 2007 EU Regulation on Chemicals and their Safe use, the Registra-
tion, Evaluation, Authorization and Restriction of Chemical substances (REACH; EC, 2007), 
considerable efforts were taken to standardize, validate and approve an alternative to the acute 
fish toxicity test. In July 2013, the OECD has assembled the new guideline 236 “Fish Embryo 
Acute Toxicity Test (FET)” for the testing of chemicals. The test guideline has primarily been 
Chapter I 
 
22 
developed for zebrafish, Danio rerio, but can also be applied to other small laboratory fishes 
such as medaka, Oryzias latipes, and fathead minnow, Pimephales promelas (Braunbeck et 
al., 2005; Braunbeck et al., 2014). With regard to animal welfare, zebrafish embryos younger 
than 120 hours post fertilization (hpf) are regarded as non-protected stages (Belanger et al., 
2010; EU, 2010; Strähle et al., 2012). For this and numerous other reasons, the zebrafish em-
bryo has emerged as an intensively used model organism in developmental biology, pharma-
cology and (eco-)toxicology (Aleström et al., 2006; Braunbeck et al., 2014; Chakraborty et 
al., 2009; Dooley and Zon, 2000; Hill et al., 2005; Lele and Krone, 1996; McGrath and Li, 
2008; Nagel, 2002; Parng et al., 2002; Peterson and MacRae, 2012; Rubinstein, 2006; Schulte 
and Nagel, 1994; Selderslaghs et al., 2009; Sipes et al., 2011; Yang et al., 2009). In ecotoxico-
logical studies, chemical safety is frequently tested for risk assessment purpose with zebrafish 
embryos (Belanger et al., 2010; Braunbeck et al., 2005; Eaton et al., 1978; Hill et al., 2005; 
Lammer et al., 2009; McKim, 1977; Nagel, 2002; Scholz et al., 2008; Schulte and Nagel, 
1994). Besides acute toxicity, multiple additional endpoints such as teratogenicity (Brannen et 
al., 2010; Dooley and Zon, 2000; Panzica-Kelly et al., 2010; Paskova et al., 2011; 
Selderslaghs et al., 2009; Weigt et al., 2011), neurotoxicity (de Esch et al., 2012; Linney et 
al., 2004; Padilla et al., 2011; Parng et al., 2007; Ton et al., 2006), genotoxicity (Braunbeck et 
al., 2014; Garcia-Käufer et al., 2015; Häfeli et al., 2011) and endocrine disruption (Brion et 
al., 2004; Brion et al., 2012; Cohen et al., 2008; Cohen et al., 2014; Schiller et al., 2013) can 
be implemented. 
Although an excellent correlation has been determined for acute toxicity data with adult fish 
(Lammer et al., 2009; Nagel, 2002; Ratte and Hammers-Wirtz, 2003a; Roex et al., 2002), the 
egg envelope, the chorion, has repeatedly been discussed as a potential barrier for the uptake 
of chemical substances: For approximately 72 hours, the developing zebrafish embryos are 
surrounded by the acellular chorion, which is known to be about 1.5 - 2.5 µm thick and to 
consist of three layers pierced by pore canals (Bonsignorio et al., 1996; Hisaoka, 1958; Laale, 
1977; Rawson et al., 2000). The pores are evenly distributed over the chorion with diameters 
varying between 0.2 µm in unfertilized eggs (Hart and Donovan, 1983) and 0.5 - 0.7 µm in 
fertilized eggs at the gastrula stage (Rawson et al., 2000). During development, both chorion 
structure and permeability change. Within the first hours post fertilization, the chorion hard-
ens and thus prevents polyspermy, protects the developing embryo and leads to a reduced 
permeability. Changes in permeability during the first hours of development have been 
demonstrated with e.g. effluents: embryos exposed from 0 - 1 hpf were more sensitive than 
Chapter I 
 
23 
embryos exposed from ≥ 4 hpf (Gellert and Heinrichsdorff, 2001). In contrast, the stability of 
the chorion decreases with age, shown by Kim et al. (2004), who demonstrated that higher 
penetration force was needed to puncture the chorion of blastula and gastrula staged embryos 
than that of pre-hatching staged embryos. Additionally, Kais et al. (2013) illustrated a time-
dependent increase in permeability of the chorion at 48 hpf compared to 24 hpf using the fluo-
rescent dye marker 2,7-dichlorofluorescein. 
Whether a molecule is able to pass the chorion or not, seems to depend on its chemical and 
physical properties as well as its size. A restriction in uptake across the chorion was postulat-
ed for some small molecules, heavy metals, highly lipophilic substances and nanomaterials 
(Böhme et al., 2015b; Braunbeck et al., 2005; Fent et al., 2010; Meinelt et al., 2006; Osborne 
et al., 2013; Ozoh, 1980). However, a restriction was also found for big and bulky substances, 
such as polymers. These polymers and some high molecular weight surfactants (40,000 – 
100,000 g/mol) were less toxic to embryos than to eleutheroembryos (Léonard et al., 2005) 
and dechorionated embryos (Henn and Braunbeck, 2011). Furthermore, Creton (2004) 
showed the passage of 3 kDa fluorescently labeled dextrans across the chorion, but a re-
striction of 10 kDa fluorescent dextrans. Besides molecular weight, also the structure and re-
lated bulkiness of the molecule and different substitutes take influence on the uptake across 
the chorion, which was demonstrated with differently substituted fluorescent molecules by 
Kais et al. (2013). 
Nevertheless, our understanding of whether a substance is able to pass the zebrafish chorion 
or not is still limited. For correct data interpretation and to avoid false-negative evaluations of 
acute toxicity data determined with the FET, more information on the mechanisms and the 
critical molecular size of a chemical substance for the uptake across the chorion is necessary. 
For this end, zebrafish embryos were exposed to high concentrations of differently sized non-
toxic polymers, the hydrophilic polyethylene glycols (PEGs). 
PEGs are macromolecules composed of repetitive identical structural units, typically connect-
ed by covalent bonds, i.e. single-chain hydrocarbons without any additional functional groups 
of the units confounding with the chorion and the pore canals. In plant physiology, PEGs are 
commonly used to study water relations (Hohl and Schopfer, 1991; Michel and Kaufmann, 
1973) and cell wall porosity (Carpita et al., 1979; Money and Webster, 1988). This is exactly 
the mechanistic approach transferred to study the zebrafish chorion permeability: Freshly fer-
tilized eggs exposed to solutions of a higher solute concentration than within the perivitelline 
space surrounding the embryo inside the chorion should result in water efflux from the eggs 
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into the external medium. As a consequence, the chorion shrinks immediately after transfer. If 
the molecules in the surrounding medium are too large to cross the chorion, osmotic equili-
bration due to medium reflux into the egg is impossible. As a result, the chorion remains 
shrunken and is not able to regain its spherical shape. 
PEGs are synthesized in a variety of molecular weights, and these serve as a parameter for the 
respective size, e.g. PEGs 2,000 have an average molecular weight of 2,050 g/mol. In the pre-
sent study, PEGs in a molecular weight range from 2,000 to 12,000 g/mol were applied to 
zebrafish embryos on the assumption that the molecular weight of the dissolved PEG, in 
which the normal shape of the chorion can just be regained during an exposure until 48 hpf, 
should be equivalent to the critical molecular size to cross the chorion. 
1.3 Materials and methods 
1.3.1 Chemicals and materials 
All chemicals were of highest purity available and purchased from Sigma-Aldrich (Deisenho-
fen, Germany) unless noted otherwise. Tests were performed in 24-well polystyrene plates 
(TPP, Renner, Dannstadt, Germany) covered with self-adhesive foil (Nunc, Wiesbaden, Ger-
many). 
The PEGs (CAS 25322-68-3) used were: PEG 2,000 (average MW 2,050), PEG 3,000 (aver-
age MW 3,015 – 3,685), PEG 4,000 (average MW 3,500 – 4,500), PEG 6,000 (average MW 
5,000 – 7,000), PEG 8,000 (average MW 8,000), and PEG 12,000 (average MW 11,000 – 
15,000). All stock solutions and test concentrations were prepared in dilution water 
(294.0 mg/L CaC2 × 2 H2O; 123.3 mg/L MgSO4 × 7 H2O; 64.7 mg/L NaHCO3; 5.7 mg/L 
KCl) according to OECD TG 236 (OECD, 2013a). Before use, the pH was adjusted to 7.7 ± 
0.2. 
1.3.2 Fish maintenance 
Wild-type zebrafish (Danio rerio, Westaquarium strain) derived from own stock facilities at 
the University of Heidelberg. Fish maintenance and egg production have repeatedly been de-
scribed in detail (Kimmel et al., 1995; Nagel, 2002; Spence et al., 2008) and have been updat-
ed for the purpose of the zebrafish embryo acute toxicity test (Lammer et al., 2009). Egg pro-
duction was performed via spawning groups as recommended by the OECD TG 236 (OECD, 
2013a) with modifications according to Sessa et al. (2008). 
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1.3.3 Zebrafish embryo acute toxicity test (FET)  
All fish embryo toxicity tests were performed according to OECD TG 236 (OECD, 2013a) in 
a semi-static exposure scenario. Dilution water was used as a negative control and 4 mg/L 
3,4-dichloroaniline served as a positive control. All six PEGs were tested at 3.125; 6.25; 12.5; 
25, 50 and 100 g/L; PEG 2,000 was tested at an additional concentration of 200 g/L. Stock 
solutions of 200 g/L were prepared in volumetric flasks. To correct the volume, the volume of 
the stirring bar was added after preparation of the solutions. For pre-saturation, 24-well plates 
had been pre-treated with the respective concentrations 24 h prior to the exposure of the em-
bryos. The 24-well plates were covered with self-adhesive foil and incubated at 26.0 ± 1.0 °C. 
The embryos were examined every 24 hours until 96 hours post fertilization (hpf) for lethality 
according to OECD TG 236 (OECD, 2013a) and sublethal effects according to Bachmann 
(2002), Nagel (2002) and Schulte and Nagel (1994). Any additional effects on chorion integ-
rity (shape) were recorded. Each PEG was tested in three independent runs with 20 eggs per 
concentration. Embryo tests were classified as valid, if mortality in the negative control was 
less than 10%, and mortality in the positive control was ≥ 30%. Determination of LC50 values 
was performed using ToxRat® (3.0 beta version 2014, ToxRat® Solution, Alsdorf, Germany) 
probit analysis using linear maximum likelihood regression.  
1.3.4 Osmosis-related effects by PEG solutions 
For precise comparison of the shrinkage and the equilibration processes, the test concentration 
of all PEGs was set to 9.76 mM, equal to 20 g/L PEG 2,000. For the other PEGs the 9.76 mM 
were equal to 32.68 g/L PEG 3,000, 39.02 g/L PEG 4,000, 58.54 g/L PEG 6,000, 78.05 g/L 
PEG 8,000 and 126.83 g/L PEG 12,000.  
In order to obtain information about the time-dependency of the movement across the chori-
on, two different steps of the process were investigated: (1) the time-course of water efflux 
out of the perivitelline space immediately subsequent to the transfer into the high PEG con-
centration; (2) the process of equilibrium or until the chorion reached its final shape. For this 
end, repetitive micrographs were taken with a Zeiss AxioCam ICc1 (Zeiss, Germany), and the 
area of each egg was determined with ImageJ 1.47v (Rasband, 1997-2014) using the “analyze 
particles” tool. The area of the negative control eggs of each replicate served as a reference to 
calculate the relative percentage of shrinkage. Coagulated eggs were not taken into evaluation 
due to potential post-mortem changes in chorion structure and possible fungal infestation.  
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For a graphical representation of the differences in chorion area of the exposed eggs in rela-
tion to the start of evaluation, the delta (Δ) values were calculated with the mean chorion area 
in relation to the negative control (ctrl): 
Δ = chorion area at time point n [% of ctrl] - chorion area at start (~5 min.) of exposure [% of 
ctrl] 
The water efflux was determined in three independent runs with individual eggs per PEG, 
while the equilibrium process was performed in three independent runs with 20 eggs per PEG 
each. 
1.4 Results 
1.4.1 Acute and sublethal effects of polyethylene glycols in the FET 
Fish embryo acute toxicity tests (FETs) revealed a dose- and size-dependent increase of tox-
icity of the tested PEGs to zebrafish embryos (see Figure 5). At 96 hpf, PEG 2,000 was the 
least toxic PEG with a LC50 value of 129.90 ± 15.50 g/L. Toxicities of PEG 8,000 and 
PEG 12,000 were almost identical with LC50 values of 16.05 ± 0.76 and 16.40 ± 2.21 g/L, 
respectively. No increase in toxicity of all PEGs could be observed over the time course of 
exposure after 24 hpf (details not shown). The major lethal effect was coagulation, which in 
most cases occurred within the first 24 hours. Occasionally, a lack of heartbeat was found as 
an additional lethal endpoint from 48 hpf onwards.  
The EC50 value for PEG 2,000 was determined at 104.4 ± 7.04 g/L (no significant difference 
to LC50 value), whereas EC50 values for PEGs 3,000 and 4,000 slightly differed from corre-
sponding LC50 values (p < 0.05). Following exposure to PEGs 6,000, 8,000 and 12,000, 
zebrafish embryos showed a much stronger response, with EC50 values of 8.99 ± 0.90, 7.99 ± 
0.81 and 7.06 ± 1.51 g/L compared to the LC50 values (p < 0.01). 
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Figure 5: Acute (LC50) and sublethal (EC50) effects of differently sized polyethylene glycols (PEGs) in zebrafish 
(Danio rerio) after exposure for 96 h. Data were computed with ToxRat® and are given as mean ± standard devi-
ation; n= 3 runs (taken from Pelka et al.). 
As sublethal effects following exposure to PEGs, deformations of the yolk and the head as 
well as sharply bent tails (Figure 6) were found. One prominent effect was the deformation of 
the eyes. Deformation of the head, the eyes, cyclopia and the lack of one or both eye cups 
were found in all treatments, especially among the surviving embryos at high concentrations 
(≥ 50 g/L in PEG 4,000 and ≥ 12.5 g/L in PEG 6,000 & 8,000).  
 
Figure 6: Sublethal effects in zebrafish (Danio rerio) embryos after 96 h exposure to (A & B) 12.5 g/L, (C) 
25 g/L and (D) 50 g/L PEG 6,000. Note the absence (A) or deformation of the eyes (B - C), sharpely bent tails, 
formation of edemata as well as yolk deformations of PEG-exposed embryos (taken from Pelka et al.). 
PEG exposure during the FET produced conspicuous effects on the shape of the chorions of 
the exposed eggs (Figure 7). Subsequent to the transfer into the different PEG test solutions, 
the eggs rapidly developed depressions of the spherical chorion in a concentration-dependent 
fashion. Depressions were minor when exposed to lower concentrations (3.125 and 6.25 g/L); 
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in contrast at higher concentrations (≥ 12.5 g/L), strong to very strong depressions formed 
until the chorion was tightly wrapped around the yolk and the cell pole (see Figure 7). At the 
very beginning of exposure, there were no differences in the extent of this shrinking effect 
between the differently sized PEGs. 
At 24 hpf, the minor depressions caused by the lower concentrations (3.125 and 6.25 g/L) had 
disappeared in chorions exposed to PEGs ≤ 4,000 Da (Figure 8). In contrast, effects caused by 
high concentrations of the PEG solutions were persistent. For PEG 2,000 only eggs exposed 
to 100 and 200 g/L showed effects on chorion shape (65 and 100%, respectively). For 
PEG 3,000 and 4,000 at 12.5 g/L, respectively about 8% and 84% of the exposed eggs 
showed depressions of the chorion. For PEG ≥ 6,000 all eggs exposed to concentrations 
≥ 12.5 g/L showed persisting severe chorion deformations. Interestingly, the deformation of 
the chorion for PEG 12,000 increased stepwise with rising concentrations (15, 50 and 100% at 
3.125, 6.25, 12.5 g/L), whereas a very steep increase was found for PEG 8,000 (40% and 95% 
at 3.125 and 6.25 g/L, respectively).  
 
Figure 7: Subsequently to transfer into PEG test solutes, the chorion of zebrafish (Danio rerio) embryos showed 
concentration-dependent shrinkage due to effects by (A-C) PEG 3,000 and (D-F) PEG 6,000. Only very small 
depressions of the chorion were found at 3.125 g/L PEG 3,000 (A) and PEG 6,000 (D), while at 25 g/L (B, E) 
and 100 g/L (C, F) stronger depressions of the chorion were evident, finally leading to a tightly wrapped chorion 
around the yolk and cell pole (C and F) (taken from Pelka et al.). 
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1.4.2 Osmosis-dependent effects on chorion shape of zebrafish eggs: initial efflux 
from eggs 
In a second series of experiments, the PEG concentrations were exactly set to 9.76 mM in 
order to directly compare effects on the chorion shape by different PEGs. Thus, after transfer 
into 9.76 mM PEG solutions, the time until no further shrinkage of the chorions were identi-
fied, and the chorion areas were determined on the basis of micrographs. 
Within the first minute of exposure, the chorion area of the eggs showed a PEG-size-
dependent decrease (Table 2): after 1 minute of immersion, the areas of eggs exposed to PEG 
≤ 8 000 Da were found in the range of 91.5% to 102.6% of the area of correspond negative 
controls. In contrast, following immersion in PEG 12 000 solution there was a shrinkage to 
79.9% of the respective control after 1 minute (see Table 2).  
Following 4 minutes of exposure, the decline in chorion area was almost linear for all treat-
ments (Figure 9). However, comparing the PEG 3,000 line (red line, Figure 9) to those for 
other PEGs, the decline of chorion area is less steep, i.e. the chorion shrinks much slower. 
When comparing the chorion area at the different time points to the chorion area at the start 
point, significant changes for all PEGs can be found after 2 minutes (p < 0.05). Significance 
further increased after 2.5 minutes for all PEGs (p < 0.001), except PEG 3,000. After 3 
minutes of exposure, significance also increased in the chorion area for PEG 3,000 
(p ≤ 0.001). 
 
Figure 9: Change in chorion area of PEG-exposed zebrafish (Danio rerio) eggs. Data are given for three inde-
pendent runs (n = 3) as % of the area measured from micrographs of eggs in corresponding negative controls. In 
addition, the time until no further shrinkage of the chorion area was observed is listed (taken from Pelka et al.). 
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Likewise, the time to reach maximum shrinkage showed a clear-cut correlation to PEG size 
(Table 2). Eggs exposed to PEG 2,000 shrank to approximately 81.0% of the control chorion 
area within 5.5 minutes, while eggs exposed to PEG 4,000 reached a maximum shrinkage to 
75.8% of the control after 10.5 minutes. For all other PEGs, the first strong shrinkage of the 
chorion was completed after about 11 - 12 minutes. The strongest shrinkage (to 67.1% of the 
control chorion area) was found for PEG 12,000. 
Table 2: Changes in chorion area over time on micrographs of zebrafish (Danio rerio) eggs after exposure to 
PEGs of various molecular weight. Data are given for three independent runs (n = 3) as % of the area measured 
for micrographs of eggs in corrsponding negative controls. In addition, the time until no further shrinkage of the 
chorion area was observed is listed (taken from Pelka et al.). 
1.4.3 Osmosis-dependent effects on chorion shape of zebrafish eggs: gradual reflux 
leading to (partial) equilibrium 
The minor (PEG 2,000 and PEG 3,000) to strong deformations of the chorions (PEGs 
≥ 4,000 Da) observed immediately after the onset of exposure gradually changed with pro-
gressing exposure. Whereas eggs exposed to PEG 2,000 quickly regained the spherical shape 
of their chorions (Figure 10), this recovery of chorion shape of embryos exposed to PEG 
3,000 took 48 hours. For PEG 4,000, minor changes of chorion deformation could be ob-
served. Since the space between the chorion and the embryo slightly increased within 
48 hours, the embryos were able to resume their movements, even within the deformed chori-
ons. For PEGs ≥ 6,000 Da, however, the deformations of the chorion observed at the very 
start of exposure even seemed to increase after 24 and 48 hours, indicating a continuation of 
shrinkage process. Finally, embryos exposed to PEG 8,000 and 12,000 did not develop further 
and quickly coagulated (Figure 10). 
 PEG 2,000 PEG 3,000 PEG 4,000 PEG 6,000 PEG 8,000 PEG 12,000 
Area at start  93.9 ± 2.1 97.2 ± 6.9 102.6 ± 3.9 93.8 ± 4.0 91.5 ± 4.8 79.9 ± 4.2 
Area at 4 min 81.2 ± 2.9 83.5 ± 4.5 81.3 ± 0.8 76.4 ± 1.6 78.0 ± 5.0 68.3 ± 4.3 
Maximal 
shrinkage 81.0 ± 2.5 78.4 ± 3.5 75.8 ± 3.6 74.8 ± 2.9 77.7 ± 4.5 67.1 ± 4.7 
Min. until 
maximal 
shrinkage  
5:30 11:00 10:30 11:30 12:00 12:00 
*at approximately 1 min 
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In order to illustrate the PEG size- and time-dependence of the equilibrium process, the aver-
age difference of the chorion area at different time points in relation to the area at the start of 
exposure, was determined (Figure 11). Again, two groups of PEG size ranges could be distin-
guished: For PEGs ≤ 4,000 an increase of the chorion area could be observed, indicating a 
recovery from the deformation due to gradual reflux of external medium. The biggest differ-
ence compared to the start of exposure was found for PEG 3,000 with a difference in chorion 
area of 13.16, 14.44 and 16.52% after 24, 36 and 48 hpf, respectively. In contrast, for 
PEG ≥ 6,000 a decrease of chorion area was evident. For embryos exposed to PEG 8,000 and 
12,000 the chorion area even decreased by 1.54 and 2.18, respectively. As already mentioned, 
embryos exposed to PEG 8,000 and 12,000 finally coagulated after 5 hours. 
 
 
Figure 11: Changes in the area of micrographs of the chorion of zebrafish (Danio rerio) embryos exposed to 
polyethylene glycols (PEGs) of different sizes (molecular weight) in relation to the areas at the start of exposure. 
The exposure covers the time period from the onset of exposure (approx. 5 min) to the time point of no further 
shrinkage of the chorion (approx. 24 h). For PEG 3,000, additional measurements were made after 36 and 48 h. 
Note that maximum shrinkage is already reached after approx. 7 h for most PEGs. Data are given as percent 
change over negative controls at the beginning of the exposure for three independent runs with 20 embryos (n = 
3). Coagulate eggs at PEGs 8,000 and 12,000 were excluded from evaluation (taken from Pelka et al.). 
1.5 Discussion 
PEGs have frequently been used in plant studies to induce osmotic stress (Hohl and Schopfer, 
1991; Michel and Kaufmann, 1973) and to study the uptake across cell walls (Carpita et al., 
1979; Money and Webster, 1988). Analogously, the present study makes use of the osmosis-
provoking effect in order to study the permeability of the chorion of zebrafish embryos. The 
relatively low toxicity (Sheftel, 2000) makes PEGs suitable for testing the size-dependent 
uptake even at very high concentrations. In mammals, the oral LD50 of PEGs with molecular 
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weights ≤ 2,000 ranges between 14 and 50 g/kg body weight, and PEGs are thus classified as 
non-toxic (Documentation, 2012). The use of PEGs has been declared safe for formulations 
for food supplements and PEG6,000 as a carrier for sweeteners (EFSA, 2006). 
In zebrafish, PEG 400 is tolerated at concentrations up to 2.5% by different developmental 
stages (Maes et al., 2012). This observation was confirmed by the present study, since fish 
embryo acute toxicity tests (FETs) revealed LC50 values in the very high g/L range. The 
smaller the actual PEG molecular weight (= size), the less lethal and sublethal effects were 
found in embryos. Responses of embryos exposed to PEGs ≥ 6,000 Da were very similar, 
resulting 96 h LC50 and EC50 values lower than those of PEGs ≤ 4,000 Da. The differences 
between the effects of small sized PEGs and the ones found for large sized PEGs clearly indi-
cate that the small PEG molecules are able to enter the chorion, supporting the assumption 
that osmotic is the driving force for the effects. In mammals, Rowe and Wolf (1982) found a 
decrease in toxicity of very high molecular weight PEGs due to decreasing bioavailability and 
thus low absorption rates. Given that most of the effects in fish eggs are supposed to derive 
due to osmotic effects, the difference between fish and mammals is easy to explain.  
In the present study, the most frequent lethal effect was coagulation, which occurred within 
few hours of exposure. The concentration-dependent increase in the rate of deformations of 
the chorion found for all PEGs, makes osmotic pressure the most likely reason for the shrink-
ages and – at very high concentrations – for the toxicity of PEGs. For all six PEGs, there was 
a clear correlation between the extent of chorion deformations and the rate of embryo mal-
formations. Most likely, the osmotic pressure of the external medium led to increasing osmot-
ic pressure on both, the yolk and the cytoplasm of the cells, which eventually resulted in cel-
lular damage and finally in coagulation of the entire embryo. Zebrafish embryos mechanically 
dechorionated at 24 hpf and subsequently exposed to PEG solutions at the same concentration 
ranges were found to be less sensitive to PEG exposure (Henn, 2011). A minor increase of 
lethal effects, mainly coagulation, at the end of the 120 h-exposure (at 144 hpf) was observed, 
however, it seems that the sensitive window for effects in embryonic development was 
skipped when exposure of dechorionated embryos started at 24 hpf. Since the chorion was 
absent in the trials, the resulting effects derived solely from the osmotic pressure of the sur-
rounding medium. We conclude that the osmotic pressure is the main reason for an increased 
toxicity of zebrafish embryos. 
A prominent specific sublethal effects occurring in PEG-exposed embryos, was the defor-
mation of the eyes, including cyclopia and the absence of one or both eyes. In zebrafish de-
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velopment at 28.5 °C, the early eye morphogenesis takes place from 12 to 24 hpf (Kimmel et 
al., 1995; Schmitt and Dowling, 1994). At bud stage (10 hpf), the neural plate thickens along 
the embryonic axis and at the animal pole this thickening becomes very prominent, forming a 
bulge. From this anterior region of the neural keel, the two optic primordia emerge at the 
6-somite stage (12 hpf at 28.5 °C). By 24 hpf, the eye cups are formed and the lens has de-
tached from the ectoderm. In parallel, the outgrowth of the optic axon to the brain starts 
(Schmitt and Dowling, 1994). As has been documented with the known teratogen ethanol, eye 
cup formation can easily be disrupted during the time period between 12 and 24 hpf 
(Arenzana et al., 2006; Blader and Strahle, 1998). Cyclopia or absence of eye(s) might result 
from alterations in developmental pathways via a reduction of midline tissue and a failure in 
separating the eye fields (Loucks et al., 2007). Such deformations of head and eyes might 
easily result from the tight wrapping of the chorion around the cell pole and the yolk, thus 
affecting early cell division and cell distribution patterns in the developing embryo. Especial-
ly ectodermal fate maps are located near the animal pole of the gastrula-staged embryo 
(Kimmel et al., 1995), which means that deformations of the nervous system including the 
eyes might be due to mechanic compression of the chorion in these areas. In fact, morphome-
try of the area encompassed by the chorion during the fish embryo tests revealed a significant 
reduction in the area and, thus, the volume of the chorion-surrounded space due to compres-
sion caused by osmotic pressure of the PEG solutions. The FETs revealed not only a low tox-
icity of the PEGs in zebrafish embryos, but also a concentration-dependent decrease of chori-
on area.  
Osmotic pressure is the pressure needed to stop the flow of a solvent across a permeable 
membranes, it is proportional to the molar concentration of the solutions. Money (1989) dis-
cussed the relationship between molecular weight and osmotic pressure of aqueous PEGs and 
found that equivalent weight of differently sized PEGs in solution did not generate the same 
osmotic pressure. He showed PEG of a lower molecular weight to generate a higher osmotic 
pressure than the PEGs of a higher molecular weight. To account for that difference and 
achieve a better comparability of the effects deriving solely by PEG molecule size and given 
that the osmotic pressure of the PEG solutions is supposed to be not dependent on the size of 
the ions, but on the number of dissolved ions, the test concentrations for all PEG were stand-
ardized to 9.76 mM equaling approx. 1.175 x 1019 PEG molecules per test volume of 2 ml.  
In order to graphically illustrate the shrinkage of the chorion, the chorion area was computed 
on the basis of micrographs taken at given intervals of PEG exposure. This indirect method 
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for volume assessment of the space encompassed by the chorion was used, since a direct de-
termination of the volume seemed not possible without extreme investment. Potential disad-
vantages of the planimetric assessment are the facts (1) that micrographs were not taken at 
standardized angles, fixed focus and egg/embryo position and (2) that osmosis-related depres-
sions of the chorion located in the photographic plane at the underside of the embryo may not 
have been picked by two-dimensional photography. However, the planimetry of serial micro-
graphs of embryos allowed the analysis of a high number of individuals from each treatment 
and provided large datasets amenable to statistical analyses. Since all micrographs were treat-
ed identically and data were normalized to chorion areas of controls, the error could be mini-
mized and the method should at least allow an approximation of the volume inside the chori-
on, if not a really powerful quantitative analysis. 
The physical processes triggered by exposure to high strength PEG solutions could be sepa-
rated into two phases: (1) a rapid response phase due to the osmotic gradients mainly charac-
terized by solvent efflux, and (2) a slower phase of equilibration due to a more or less restrict-
ed flow of solutes (i.e. PEG molecules). During the initial rapid shrinkage phase, a very 
strong and quick decline in chorion area could be observed. The decline in chorion area was 
almost linear within the first 4 minutes of exposure; afterwards, decreasing slopes indicated 
slowing down of solvent flows. As shown by Adams et al. (2005) with D2O, the zebrafish 
chorion is highly permeable to water. Consequentially, water can readily pass the chorion 
from the perivitelline space into the external medium to compensate for the osmotic pressure 
built up by the highly concentrated PEGs solutes in the external medium. Only very recently, 
a similar effect of “collapsed chorions” was published by Bodewein et al. (2016) in zebrafish 
embryos at 24 hpf exposed to 10 µM PAMAM G5.0 dendrimers. They explained this effect 
by an interaction of the positively charged dendrimers with the negative charged chorion to 
form aggregations and subsequently clog the chorion pores, leading to an altered osmotic ho-
meostasis between the perivitelline space and the outer surface of the chorion. Alternatively, 
they suggest the generation of an osmotic gradient between inside and outside the chorion due 
to accumulation of a larger amounts of molecules, leading to water efflux. 
The structure of the zebrafish chorion, which consists of three layers, is quite flexible as has 
been shown by Kim et al. (2004), who measured the force needed to puncture the chorion at 
different developmental stages and also recorded the chorion deformation before puncturing. 
At the blastula stage, a chorion deformation of about 170 µm was observed before rapture of 
the chorion. Hence, under osmotic pressure imposed by the PEG solutes, the chorion was 
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most likely able to cave in, leading to minor and finally strong depressions. During exposure 
over 24 and 48 hours, the small PEGs ≤ 4,000 Da were apparently able to cross the chorion, 
which then functioned as a semipermeable membrane. 
Since with PEG of a molecular weight of 2,000 Da equilibrium was reached after 24 h, a non-
charged molecule of a size of 2,050 Da is able to readily cross the chorion and enter the periv-
itelline space. After 48 h of exposure, the same effect was observed for PEG 3,000, indicating 
that enough molecules were able to finally cross the chorion and leading to equilibrium. From 
these observations, a molecular weight of approximately 3,000 Da may be concluded as the 
threshold for non-charged, more or less linear molecules to pass the zebrafish chorion. 
3,000 Da as the upper limit for free permeation of the zebrafish chorion was also concluded 
by Creton (2004), who parenthetical described the uptake of fluorescent labelled dextran of 
3,000 Da. Alternatively or in addition, a reduction of the barrier function of the chorion from 
24 to 48 hpf may be concluded. This assumption is supported by the findings by Kais et al. 
(2013) showing an increased in the uptake rate of fluorescein from 24 to 48 hpf.  
Several authors also indicated the effect of “molecule folding” for PEGs, which consequently 
leads to smaller, condensed molecules. Lillicrap (2010) detected radiolabeled 4,000 and 
40,000 Da PEGs inside the zebrafish embryo as early as 24  hpf. He speculated that larger 
PEG molecules might fold into smaller configurations, thus allowing the passage across the 
chorion pores. In fact, based on viscosity experiments, Michel and Kaufmann (1973) suggest-
ed that PEG molecules might change the configuration in correlation to the concentration: 
extended (linear) at low concentrations, but folding with increasing concentration. It should 
be noted, however, that Lillicrap (2010) did not differentiate between the chorion, the periv-
itelline fluid and the embryo itself, thus he included PEGs adsorbed to the outer surface of the 
chorion into his measurements. 
For PEG 4,000 a slight increase of chorion area was found after 48 h of exposure, which, 
however, might have also been due to the growth and expansion of the embryo. From a mo-
lecular weight ≥ 6,000 Da, a passage across the chorion is apparently completely blocked, 
since prolonged exposure did not result in a decompression of the chorion; rather the chorion 
showed a further shrinkage. As a consequence of the inability to compensate for the osmotic 
disequilibrium, embryos exposed to PEG > 6,000 Da soon died and coagulated due to efflux 
of fluids. 
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Standardization of the test media to 9.76 mM relied on the assumption, that osmotic pressure 
supposed to dependent solely on the number of dissolved ions, however, the behavior of PEG 
molecules in solution seems to be much more complex. For further experiments, the influ-
ences of the chain length of PEG molecules and the chemical interference of their ether oxy-
gen atoms, which have been shown to attract water molecule by hydrogen bonding (Steuter et 
al., 1981) needs considerations.  
1.6 Conclusions 
The study clearly documented a strong size dependency of the uptake of substances across the 
chorion of zebrafish embryos. The rapid uptake of polyethylene glycols (PEGs) with a molec-
ular weight ≤ 3,000 Da indicates a more or less free passage of molecules up to these dimen-
sions. Given apparent modifications of the chorion structure and permeability with time, a 
delayed uptake of PEGs of a molecular weight of 4,000 Da across the chorion also seems pos-
sible. As a conclusion, the size limit for the uptake of chemicals such as polyethylene glycols 
into the zebrafish egg is about 3,000 Da for embryos younger than 24 h and may at least par-
tially reach 4,000 Da in 48 h embryos. However, as already indicated by observations by Kais 
et al. (2013) and Bodewein et al. (2016), other parameters such as lipophilicity, charge and 
specific molecular conformation may play an important role for the definition of the uptake of 
chemicals across the chorion of zebrafish embryo. 
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2. Is the chorion an obstacle for nanoscale particles? 
2.1 Abstract 
The zebrafish embryo has widely been applied in studies testing the in vivo toxicity, bioavail-
ability and drug delivery potential of nanomaterials. Although the pore size (0.5 – 0.7 µm) is 
exceeding the size of nanomaterials (0.1 µm), there are still concerns and no clear statements 
about the potential barrier function of the chorion surrounding the embryo. To illustrate the 
uptake of nanomaterials of a well-defined size across the chorion, carboxylate-modified mi-
crospheres, 0.048, 0.1 and 0.2 µm in size, were applied to freshly fertilized zebrafish embryos 
within their chorion. The distribution pattern was analyzed via laser scanning confocal mi-
croscopy (LSCM) at 24 and 48 hpf in vivo but also in sections of the chorion. The fluorescent 
signal of the microspheres was easily detectable and single fluorescent spots were supposed to 
represent single microspheres. The different optical planes as well as the combined z-stacks of 
the images of the eggs showed that the fluorescent signal was only detected at the chorion 
surface and neither within the perivitelline space nor at or inside the embryo. Images of 
dechorionated embryos after exposure inside the chorion confirmed these findings. Cryosec-
tions of chorions and images at high magnifications revealed that the microspheres adhere to 
the chorion and are not directly associated with the pore canals. 
2.2 Introduction 
In recent years, nanotechnology has emerged as a fast growing sector, creating materials with 
wide applications in medicine, electronics, energy and consumer products such as cosmetics, 
textiles and biocides (Thomas et al., 2006). Nanomaterials are chemicals or particles 
1 - 100 nm in size and among the most intensively studied nanomaterials are nanoparticles 
(NPs). Engineered nanoparticles can be made of metals, metal oxides, non-metals, carbon, 
lipids and polymers, and often differ significantly in their physicochemical properties from 
their bulk forms (Harper et al., 2015; Nel et al., 2015; Thomas et al., 2006). Several studies 
have already gathered information about behavior of NPs in the environment (see for example 
Baun et al., 2008; Bour et al., 2015; Dale et al., 2015; Grillo et al., 2015; Kahru and 
Dubourguier, 2010), however, little is known about toxicity, bioavailability, uptake and bio-
accumulation as part of an extensive risk assessment (Nel et al., 2013; Nel et al., 2015; 
Savolainen et al., 2010; Syberg and Hansen, 2016; Thomas et al., 2006). Another emerging 
problem for aquatic ecology are the effects of nano-scaled plastic debris which may be emit-
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ted or formed due to degradation processes in the aquatic environment (Koelmans et al., 2015; 
Mattsson et al., 2015; Wagner et al., 2014). 
The zebrafish embryo has successfully been applied as an in vivo model organism in many 
studies on nanoparticles (Asharani et al., 2008; Clemente et al., 2014; Cunningham et al., 
2013; Fako and Furgeson, 2009; Harper et al., 2015; Hua et al., 2014; Kovrižnych Jevgenij et 
al., 2013; Lin et al., 2013). Special considerations were taken on the uptake of NP in the em-
bryo and across the chorion, which was visualized for silver NPs by Lee et al. (2007) and con-
firmed via transmission electron microscopy by Asharani et al. (2008). However, accumula-
tion on or within the chorion of zebrafish suggest an effective barrier of differently sized na-
noparticles (Böhme et al., 2015a; Böhme et al., 2015b; Fent et al., 2010; Osborne et al., 2013; 
Weil et al., 2015). Hence, no clear statement whether a nanoparticle is able to cross the chori-
on of zebrafish can be found in current publications. 
A commonly used technique for in vivo imaging is the use of fluorescent dyes and fluores-
cence-labelled proteins. However, these fluorophores often suffer decomposition (photo-
bleaching), making them unsuitable for handling in the light and long-term image acquisition 
via fluorescence microscopy. Novel fluorescent probes such as FluoSpheres® (Invitrogen) 
shield the fluorescent dye within a nano-scaled bead against environmental effects, decreasing 
photobleaching or quenching (Invitrogen, 2004). These microspheres are small manufactured 
ultraclean polystyrene beads, loaded with a fluorescent dye to create an intensive fluorescent 
signal, sufficient for the visualization and therefore localization of single particles. They have 
been used as markers for different biological applications such as neuronal tracing, cellular 
antigens and as standardization agents in flow cytometry (Invitrogen, 2005). Due to their 
broad availability, anionic microspheres have been applied frequently in biological methods. 
The surface of these microspheres is highly charged and relatively hydrophilic (Invitrogen, 
2004). This makes them water-soluble, less likely to bind to negatively charged cell surfaces, 
but more likely to bind proteins and other biomolecules. However, binding is weaker than 
found for hydrophobic microspheres and coupling has to be supported by reagents 
(Invitrogen, 2004). 
In this chapter, the uptake of 0.2, 0.1 and 0.048 µm sized fluorescent particles across the cho-
rion of zebrafish is investigated. The carboxylate-modified microspheres (FluoSpheres®, Invi-
trogen) were applied to freshly spawned zebrafish eggs at a concentration of 0.01% which has 
been shown sufficient for a stable and easily distinguishable fluorescent signal. Localization 
of microspheres at or within the chorion and the embryo was performed via laser scanning 
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confocal microscopy (LSCM). Distribution patterns of the fluorescent particles were evaluat-
ed at 24 and 48 hours post fertilization, representing the time before hatch of zebrafish em-
bryos. 
2.3 Materials and methods 
2.3.1 Chemicals 
All chemicals were of highest purity available and purchased from Sigma-Aldrich (Deisenho-
fen, Germany). Tests were performed in 24-well polystyrene plates (TPP, Renner, Dannstadt, 
Germany) covered with self-adhesive foil (Sealing tape SH, 236269, Thermo Fisher Scien-
tific, Waltham, MA) and the lid. To avoid any agglomerations or disturbances, the ionic 
strength of the test medium (dilution water) was set to a minimum. Therefore, the FET dilu-
tion water according to TG 236 (OECD, 2013a), was prepared in a 1:5 dilution. Before usage, 
the pH was adjusted to 7.4 ± 0.2. 
The used microspheres are carboxylate-modified and have a size of 0.048 µm, 0.1 µm and 
0.2 µm (FluoSpheres®; Invitrogen, Life Technologies™ GmbH, Frankfurt, Germany). Gen-
eral information and technical data of the tested microspheres can be found in Table 3. 
Table 3: General information and technical data for the unstained polystyrene microspheres taken from the cer-
tificated of analysis (COA) obtained by Invitrogen, Life Technologies™ 
  
 Microsphere 0.04 µm  0.1 µm  0.2 µm 
  Producer Life Technologies, Molecular Probes®, Invitrogen 
 Catalog number F8793 F8801 F8810 
 Lot number 1301339 1421044 1008760 
 Concentration of particles/mL 1,4 x 10
15 3,6 x 1013 4,5 x 1012 
 Fluorescent dye red (580/605) 
 Emission maximum 605 ± 0.5 nm 
 Microscopy few or no aggregates after sonication 
 Technical Data²    
 
Actual particle size [µm] 0.048 ± 0.006  0.10 ± 0.0072  0.201 ± 0.01  
Charge [meq/g] 1.1078 0.3202 0.0895 
Density of polystyrene 1.055 g/cm³ 
Specific surface area [cm²/g] 1.2 x 106 5.7 x 105  2.8 x 105  
  ² technical data for unstained microspheres     
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2.3.2 Fish maintenance and egg production 
Wild-type zebrafish (Westaquarium strain) derived from own breeding facilities at the Uni-
versity of Heidelberg. Fish maintenance and egg production have repeatedly been described 
in detail (Kimmel et al., 1995; Nagel, 2002; Spence et al., 2008) and have been updated for 
the purpose of the zebrafish embryo acute toxicity test (Lammer et al., 2009). Egg production 
was performed via spawning groups as recommended by the OECD test guideline 236 
(OECD, 2013a) with modifications according to Sessa et al. (2008). 
2.3.3 Exposure 
All solutions containing microspheres were wrapped in aluminum foil to prevent photo-
bleaching. The steps, where light was inevitable (pipetting, transferring of eggs, evaluating of 
embryos), were kept at a minimum. The microspheres stock suspensions were sonicated for 5 
minutes to gain homogenous suspensions before adding to the dilution water. The test concen-
trations were set to 0.01% and again sonicated for 5 minutes. Test design was basically ac-
cording to OECD test guideline 236 (OECD, 2013a): plates were pre-saturated for 24 hours 
and the medium was renewed before insertion of the eggs and after 24 hours of exposure. The 
suitability of polystyrene plates was shown in pre-test by comparing fluorescent signal from 
embryos exposed in polystyrene plates and glass crystallization dishes. No differences were 
detected. Incubation of the eggs within the plates was performed in the dark at 26 ± 1 °C for 
48 hours. A negative control without microspheres were run and evaluated in each test setup. 
2.3.4 Preparation for microscopic evaluation 
The distribution of microspheres at and within the zebrafish egg was evaluated at 24 and 
48 hpf. Each egg was carefully washed three times with the modified dilution water (1:5). To 
immobilized the embryo within the egg, each egg was transferred into a well containing 1 mL 
of 0.016% tricaine solution (MS-222, ethyl 3-aminobenzoate methanesulfonate), prepared in 
1:5 dilution water. At each time point, four exposed eggs were evaluated per microspheres. 
Care was taken to avoid light. Eggs were transferred within one small drop of tricaine solution 
into glass bottom culture dishes (MatTek Cooperation, Ashland, USA).  
After semi-static exposure for 48 hours, four embryos were dechorionated after the washing 
steps with sharp forceps (DuMont™ No 5) as described by Henn and Braunbeck (2011). After 
dechorionation, the embryos were immobilized with 0.016% tricaine solution and transferred 
into glass bottom dishes. 
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To avoid any movement during laser scanning session, eggs were embedded in 1% low melt-
ing agarose (LMA; SeaPlaque® GTG® Agarose, FMC Bioproducts, Rockland, USA) prepared 
in 0.016% tricaine solution. Excess tricaine solution was removed from dechorionated em-
bryos, which were orientated on their sides within the LMA. Before analyzing under the fluo-
rescence microscope, the embedded embryos were covered by 1 mL tricaine solution to keep 
the embryo immobilized during scan sessions and to avoid drying-up. 
2.3.5 Preparation of cryosections of the chorion 
To get insight into the microsphere distribution at the chorion, cryosections were prepared. 
Eggs at 24 and 48 hpf were incubated for 1 hour in the microsphere solution and washed as 
described above. Chorions were removed from the embryos, embedded in tissue freezing me-
dium (Ref. 14020108926, Leica Biosystems, Nussloch, Germany) and frozen at -80 °C. 
18 µm thick cryosections were prepared at -15 °C using a cryotome (CM 3050, Leica Biosys-
tems, Nussloch, Germany) and air-dried in the dark. Sections were cover-slipped with Gel 
Mount™ (Aqueous Mounting Medium, Biomeda Corp., Sigma-Aldrich, Steinheim, Germany) 
and analyzed using a confocal microscope (Nikon 90i, Nikon Instruments, Netherlands). The 
pictures were taken with similar settings as for whole eggs (see Table 4), although higher 
magnifications were possible (used objective: Plan Apo VC 60x Oil DIC N2). The additional 
zoom is noted under the pictures. Texas Red Laser power was set to 100% with HV of 30, 
while the HV of the transmitted light channel (TD) was set to 72. 
2.3.6 Analysis of the microsphere uptake and distribution 
Analyzing was performed with Laser Scanning Confocal Microscopy (LSCM, Nikon 90i; 
Nikon Instruments, Netherlands) and micrographs were taken with Nikon C1 (Nikon Instru-
ments, Netherlands). If not noted otherwise, laser power was set to 100%, high voltage to 12 
and the HV of the transmitted light (TD) channel was set to 50. Fluorescent and TD images 
are shown either separately or merged. All microscope and laser settings are displayed in Ta-
ble 4. Illustration of the microsphere distribution was performed using the Nikon imaging 
software NIS-Elements-Viewer (Vol. 4.20, Laboratory Imaging, 1991-2013). 
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Table 4: Laser and microscope settings for evaluation of fluorescent signal within the chorion. 
2.4 Results 
All microspheres showed a well-defined fluorescent signal. No agglomerations could be de-
tected in the tested solutions; however, the microspheres were strongly bounded to feces and 
food deposits from the spawning trays which might adhere to the freshly spawned eggs (see 
for example panel B in Figure 12). 
At 48 hpf, the chorions were often very fragile and tended to rip or crumble during handling 
and embedding. Also, small protozoa which might bloom on the chorion surface might influ-
ence the bonding of the microspheres on the chorion and consequently the detection of fluo-
rescent signal. Therefore, the pictures shown in this chapter were chosen to show the average 
rate of fluorescent found during the tests. Not only 3D illustrations of the z-stacks in –z orien-
tation (see panel D in Figure 12) are shown, but also optical sections at the widest diameter of 
the egg as well as some pictures taken with transmitted light modus (TD) to locate the embry-
os inside the eggs (see panel C in Figure 12). For an overall comparison of fluorescence, a 
high voltage (HV) setting of 12 was chosen, since at this setting the differently sized micro-
spheres were detectable without any oversaturated signal. Any aberrations were recorded. 
Laser settings Texas Red  
 Emission wavelength:  605.0 nm 
 Excitation wavelength: 543.5 nm 
 Pinhole radius: 30.00 µm 
 Laser power 100% 
 High voltage (HV) 12 
  HV transmitted light (TD) 50 
Microscope settings   
 Objectives: Fluor 10x W DIC N1 
  Plan Fluor 4x 
 First dichroic mirror:  408/488/543 
 First filter cube:  450/35 
 Second filter cube:  515/30  
    605/75 
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Figure 12: Orientation of the pictures presented in this chapter. Zebrafish embryos were exposed within their 
chorion to 0.1 µm sized microspheres. Pictures were taken at 48 hpf; HV: 10; TD: 58. Scale bars: 150 µm, 10x 
magnification. 
2.4.1 Distribution of microspheres on and across the chorions 
0.2 µm sized microspheres 
The microspheres were distributed all over the chorion of zebrafish after 24 hours (Figure 13 
A-C) and 48 hours (Figure 13 D-F) of incubation. During exposure, the fluorescent signal of 
the chorion increased slightly. Depending whether the chorion surface showed deposits of the 
parents, such as feces or leftovers from the oviduct (Figure 13 D-F) in greater extent, the fluo-
rescent signal increased equally. 
On the optical planes, no signal of fluorescent microspheres was detected neither inside the 
chorions, nor in the embryos and on the surface of the embryos. At 48 hpf, the chorion 
showed distinct projections of feces and oviduct leftovers, enforcing the signal and leading to 
an fluorescent signal in the optical planes beneath the chorion surface (asterisk in Figure 13 
D-F). This however, has to be counted as an artefact. 
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Figure 13: Fluorescence signal detected on the surface of the chorion of 24 hpf embryos (A-C) and of 48 hpf 
embryos (D-F). The 0.2 µm sized fluorescent microspheres are evenly distributed over the chorion surface, how-
ever, feces and other distinct projection on the chorion surface are strongly fluorescent (see asterisk). Settings: 
HV12, TD 50; all panels; 4x magnification; scale bars in A, B, D, E: 200 µm. 
0.1 µm sized microspheres 
After 24 hours of exposure to 0.1 µm microspheres, the chorion surface is again evenly cov-
ered by the small fluorescent beads, giving a bright signal. At 48 hpf, the signal is slightly 
uneven, with some distinct projections. At areas where strong signals were found, e.g. the 
widest diameter, the signals were also detected from higher and lower optical planes, overly-
ing with each other and thus enforcing the signal. In addition, this leads to a shifted signal 
within the chorion (compare Figure 14 B and E). 
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Figure 14: Fluorescence signal detected on the surface of the chorion of 24 hpf embryos (A-C) and of 48 hpf 
embryos (D-F). The 0.1 µm sized fluorescent microspheres are evenly distributed over the chorion surface, how-
ever, feces and some distinct projection on the chorion surface are strongly fluorescent (see asterisk at 24 hpf). 
Settings: HV12, TD 50; all panels: 4x magnification; scale bars in A, B, D, E: 200 µm. 
0.048 µm sized microspheres 
Exposure to 0.048 µm sized microspheres revealed a time-dependent increase of the fluores-
cent signal on the chorion surface. The signal at 24 hpf was patchy and section of the widest 
diameter (Figure 15 B) shows areas with no fluorescent signal. After 48 hours of exposure, 
the signal was found to cover the chorion surface very evenly. Due to handling during em-
bedding, the chorion was dented (see asterisks in Figure 15 C and F), giving the impression of 
no or only little fluorescent signal. 
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Figure 15: Fluorescence signal detected on the surface of the chorion of 24 hpf embryos (A-C) and of 48 hpf 
embryos (D-F). The 0.048 µm sized fluorescent microspheres are evenly distributed over the chorion surface. 
However, dents on the chorion surface seem to be less fluorescent than the normally shaped surface (see aster-
isks). Settings: HV 12, TD 50. Panel A: 4x magnification; scale bar: 200 µm. Panel B-F: 10x magnification; 
scale bars in B, D, E: 300 µm. 
2.4.2 Dechorionated embryos - exposure within the chorions 
After 48 hpf, embryos exposed for 48 hours within the chorion were dechorionated mechani-
cally. No signals at all were found within or attached to the embryos exposed to 0.2, 0.1 and 
0.048 µm sized microspheres. Only one embryo exposed to 0.2 µm sized microspheres 
showed some single, distinct signal in the head area. However, the signal was very low and 
thus it was not possible to illustrate properly in a micrograph. As this was found in only one 
exceptional embryo and the signal seem to be a result of only 3 to 5 microspheres adhered to 
the head (see arrowheads Figure 16). Therefore, a crossing of the microspheres across the 
chorion can be fairly excluded and the signal might derive by single microspheres displaced 
during handling. 
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Figure 16: Embryos exposed for 48 hours within the chorion to 0.2 µm microspheres (first row), 0.1 µm micro-
spheres (second row) and 0.048 µm microspheres (third row). For the detection of microspheres on the surface, 
embryos were dechorionated at 48 hpf. No signal on or within the embryos were detected after exposure to 0.2, 
0.1 and 0.048 µm microspheres. One embryo exposed to 0.2 µm microspheres showed single fluorescent signal 
at the head area, however, signal is negligible and cannot be detected in the micrographs (first row). Settings: 
HV12, TD 50; scale bars: 200 µm, 4x magnification.  
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2.4.3 Details of the chorion 
Taking a closer look on the chorion of the exposed eggs, small dark spots are seen in the 
transmitted light image (TD; black arrows in Figure 17). The merged images of the texas red 
channel and the TD channel illustrates that the fluorescent signal of the 0.1 µm sized micro-
spheres does not arise directly from these spots. The fluorescent signal of 0.048 µm micro-
spheres detected on the surface of the chorion is in some parts very distinct (red arrowhead in 
Figure 17) and might represent fluorescent beads stuck in the chorion pores. Nevertheless, 
some areas of the chorion surface emit a fluorescent signal distributed very even and in bigger 
clusters. This might be due to agglomeration and/or overlaying signal from optical sections 
beneath the one presented here. 
 
Figure 17: Close-up on zebrafish eggs at 48 hpf exposed to 0.1 µm (A) and 0.048 µm (B) microspheres. The 
merged images of TD and laser reveal the pores (black arrow) piercing the chorion and the fluorescent micro-
spheres (red arrowhead) adhering onto the chorion surface. Settings: HV 10; TD 58; scale bars: 150 µm; 10x 
magnification. 
Higher magnification (60-fold and more) of sections of the chorion support the assumption of 
the dark spots seen in TD channel to represent the pores piercing the chorion of zebrafish 
(Figure 18 B and D). These pore canals seem to completely pierce the chorion and give the 
impression of a perforated membrane. The sections of the chorions were made after short term 
incubation of eggs to 0.2 µm microspheres at 24 and 48 hpf, Nevertheless, the cryosections 
show that the fluorescent signal of the 0.2 µm sized microspheres did not arising from the 
pores themselves. The microspheres adhere to one side of the chorion, which is assumed to be 
the outer surface of the egg envelope. Also, distinct projections on the surface are found on 
the surface. 
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Figure 18: Distribution of 0.2 µm carboxylate-modified microspheres on the chorion surface (18 µm sections) of 
zebrafish eggs at 24 hpf (A & B) and 48 hpf (C & D). Panel A and C show an overview of the chorion section 
while panel B and respectively D is a detailed view on the selected area marked in panel A and C. The chorion 
pores are either dark or light, depending on the optical refraction. Laser power: 100%, HV: 30; TD: 72. Magnifi-
cation: 60x (A, C) with scale bars: 50 µm; 60x3.145 (B, D) with scale bars: 10 µm.  
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2.5 Discussion 
During exposure, no precipitations or hints of agglomerations of the differently sized micro-
spheres within the test media were found. Also, no effects on survival of embryos exposed to 
the microspheres were observed. Due to chorion softening before hatch, the chorion structure 
at 48 hpf was very fragile and tend to dent when excessive water, transferred with the egg into 
the glass bottom dishes for microscopy, was removed from the eggs or when embedding in 
1% low melting agarose was done. Nevertheless, the eggs were analyzable if their chorion 
was still intact and no striking differences to normally shaped chorions were detectable. No 
auto-fluorescence of zebrafish embryos was detected in the negative controls conducted in 
each test run with the described microscope settings. 
None of the chosen microspheres, 0.048, 0.1 and 0.2 µm in size, were taken up across the 
chorion at 24 and 48 hpf. Via laser scanning microscopy, the fluorescent signal of the micro-
spheres was easily detectable and single fluorescent spots were supposed to represent single 
microspheres. The different optical planes of the eggs showed that the fluorescent signal was 
only detected at the chorion surface and neither within the perivitelline space nor at or inside 
the embryo. Images of dechorionated embryos after exposure inside the chorion confirmed 
these findings, since only very little fluorescent spots were detected. They might have also 
been transferred by accident, when dechorionation was performed and the embryo might have 
gotten in contact with the microspheres adhered to the chorion. The same techniques has been 
applied by Fent et al. (2010), who showed that neither 60 nm nor 200 nm fluorescent silica 
NPs were detected at or within the exposed embryos. The signal they detected only derived 
from the chorion surface confirming the barrier function of the zebrafish chorion. In medaka, 
fluorescent latex nanoparticles with 40 - 500 nm in size, were shown to adhere to the chorion 
but also to be taken up into the embryo and accumulated in yolk sac, oil droplet and gallblad-
der (Kashiwada, 2006; Manabe et al., 2011), although the chorion of medaka is thicker than 
the chorion of zebrafish. 
The chorion surrounding the developing zebrafish embryo is pierced by pore canals which are 
supposed to be important for the exchange of gas and excretion products (Hisaoka, 1958). 
Viewed by light microscopy, the pore canals seem to pierce the chorion completely (see Fig-
ure 18), leading to the assumption of a sieve-like membrane (Hisaoka, 1958). The outer diam-
eter of the chorion pores have been measured by Rawson et al. (2000) to be 0.5 – 0.7 µm with 
a center-to-center distance of 1.5 – 2.0 µm, which has been verified by Lee et al. (2007) in the 
chorion of living embryos using optical microscopy. The pores are cone-shaped with an even 
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larger opening in the inside of the chorion. So based on the diameter, the microspheres ap-
plied in this study should have been small enough to pass these pore canals. However, on the 
outside of the chorion, several studies applying electron microscopy have found an electron-
dense layer, which at some point appear to completely plug the pores (Hart and Donovan, 
1983; Lillicrap, 2010; Rawson et al., 2000). Scanning electron microscopic (SEM) images 
taken by Lillicrap (2010) at 8 000-fold magnification showed this layer to consist of individu-
al polypeptides covering the outside of the chorion and recessing into the pores. So this outer 
surface glycoprotein layer might possess a stronger barrier function for the uptake of chemi-
cals and especial of nanoparticles than the diameter of the pores. 
Nevertheless, some studies have shown the successful uptake of nanoparticles across the cho-
rion of zebrafish. Live imaging of the uptake across the pore canals were performed by Lee et 
al. (2007; 2012), documenting the passive diffusion of individual silver nanoparticles (5 – 
72 nm sized AgNPs) via the chorion canal and into embryos. The time a single AgNP stayed 
within the chorion canal was determined to 0.1 to 15 s, although some particles extended the 
time within the pore canal, leading to agglomeration with incoming AgNPs and thus a clog-
ging of the pore canal. Asharani et al. (2008) have shown not only an uptake of 5 – 20 nm 
sized silver nanoparticles (AgNPs) capped with BSA across the chorion of zebrafish at 48 
hpf, but also the uptake into the embryo and even into the nucleolus of cells. Also Felix et al. 
(2013) visualized negatively charged nanocapsules containing Nile red on the chorion and 
embryo surface as well as within the yolk at 24 hpf. However, when evaluating the distribu-
tion of nanocapsules containing cerium oxide (CeO2), the majority was associated with the 
chorion (about 39%) and only 0.07 ± 0.01% was found with the embryo after 48 hours. This 
reflects the difficulties of studies unraveling the mystery of nanoparticle uptake through ob-
servation of toxicity alone. Some researchers have found that the absence or presence of the 
chorion did not influence the toxicity of AgNPs (Böhme et al., 2015a; Cunningham et al., 
2013). However, one of the most discussed problem applying nanoparticles is whether the 
toxicity in fish embryos derive from the nanoparticles or the release of dissolved ions. In the 
past, especially metal ions have been shown in several studies to attach to the chorion of dif-
ferent fish species (see for example: Beattie and Pascoe, 1978; Michibata, 1981; Ozoh, 1980; 
Stouthart et al., 1996) and this binding seems to hold true for metal NPs, the most studied 
nanoparticles. AgNPs and titanium dioxide (TiO2) NPs 25 nm in size were found bound to the 
chorion surface after 24 hours, however the presence of silver ions inside the embryos was 
supported by the increased toxicity and expression of metallothionein (MT2) in exposed em-
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bryos (Osborne et al., 2013). Similar distribution pattern were found by Böhme et al. (2015a) 
who showed an accumulation of silver at the chorion in normally developed embryos, but also 
an accumulation at the chorion and within the perivitelline space in sublethally or lethally 
affected embryos after exposure to silver NPs. They explained the observed toxicity by a local 
increase of NP concentration at the chorion and a facilitated release of dissolved Ag ions and 
subsequent uptake across the chorion. Contrarily, Bai et al. (2009) stated that dissolved zinc 
oxide only partly contribute to the toxicity of zinc oxide (ZnO2) NPs in zebrafish embryos, 
which was however refuted by Brun et al. (2014). They also showed the chorion to be an ef-
fective barrier for both, the zinc ions and ZnO2 NPs during the first 48 hpf of zebrafish devel-
opment. Anionic charged groups of the chorion proteins are suggested to be responsible for 
this binding (Beattie and Pascoe, 1978; Michibata, 1981; Ozoh, 1980; Stouthart et al., 1996). 
The molecular constituents of the egg envelope was investigated by Bonsignorio et al. (1996), 
showing four major polypeptides (116, 97, 50 and 43 kDa) of which the 116 and 50 kDa pro-
teins were stained by lectins, suggesting to be N-linked glycoproteins. Amino acid analysis 
revealed more serine but less proline content compared to other species. Both of these amino 
acids are zwitterions, bearing a carboxyl group. Additionally, Pullela et al. (2006) detected 
thiol-rich proteins in the chorion of zebrafish via DSSA probes. All these findings support the 
explanations why positively charged chemicals, such as metal ions, are bounded to the chori-
on. In contrast, the applied microspheres containing carboxyl groups themselves therefore are 
supposed to be negatively charged and were still only detectable at the chorion surface. The 
hydrophilic carboxylate-modified microspheres are made by grafting polymers containing 
carboxylic acid groups to sulfate microspheres (Invitrogen, 2004). When ovaries of mature 
females or ripe eggs are stained by hematoxylin-eosin, the chorion is in all the different steps 
throughout oogenesis stained pink by the acidic eosin. Usually eosin binds to basic or eosino-
philic compounds containing positively charges (Mulisch and Welsch, 2015). It might be pos-
sible, that the major components, the polypeptides forming the rigid egg envelope, are indeed 
positively charged and only the outermost surface layer covering the chorion is negatively 
charged. 
The fluorescent signal of the attached microspheres at the chorion of zebrafish eggs seem to 
be intensified through extended exposure period. After 48 hpf, the signal and thus the parti-
cles attached to the chorion have increased. During embryogenesis, the chorion becomes more 
permeable from 26 hpf onwards due to the secretion of hatching enzymes (Kim et al., 2004). 
So the structure of the chorion changes and might also lead to an increase of superficial area, 
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at which the microspheres can bind to, since still no uptake across the chorion was found. 
Also, a direct interaction with the pore canals leading to pore clogging as described for 
AgNPs (Lee et al., 2007) could not be found in higher magnifications. 
The uptake of particles across the chorion, which is believed to be driven by kinetically con-
trolled attachment and deposition processes (Praetorius et al., 2014), is also strongly influ-
enced by particle properties - such as size, coating and surface charge. For further testing of 
nanoparticles with embryonic stages, the determination of actual concentrations in the periv-
itelline fluid and within the embryos excluding the chorion (Brox et al., 2014) becomes im-
portant. Also, a refinement of analytical techniques for a clearer identification of nanoparti-
cles or dissolved parts is necessary. Due to these inconsistencies, several researchers have 
recommended to test nanoparticle toxicity only in dechorionated embryos to get toxicity driv-
en responses instead of results influenced by the chorion (Kim and Tanguay, 2014; Kim et al., 
2014; Meredith et al., 2016; Shaw and Handy, 2011).  
2.6 Conclusions 
Laser scanning confocal microscopy is suitable to detect the signal of fluorescent polystyrene 
beads on the chorion of zebrafish embryos. The applied microspheres had diameters of 0.048, 
0.1 and 0.2 µm and were thus smaller than the diameter of the chorion pores (0.5 - 0.7 µm). 
Yet, the chorion of zebrafish seems to be an effective barrier for carboxylate-modified micro-
spheres after 24 and 48 hours of exposure, since the fluorescent signal was only detected on 
the chorion surface, while no signal was emitted from the embryo within the chorion or from 
dechorionated embryos. It is assumed that not only the size is important for the uptake across 
the chorion, but also physical and chemical properties of the nanoparticles. Therefore plain 
microspheres of similar sizes were tested in zebrafish embryos and the results are shown in 
the upcoming chapter of this thesis. 
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3. Influence of functional groups displayed on the surface of 
nanoscale polystyrene particles on the uptake across the 
chorion 
3.1 Abstract 
As has been shown in Chapter II, carboxylate-modified microspheres were, despite their size 
of 0.048, 0.1 and 0.2 µm, not able to cross the chorion of zebrafish embryos within the first 
48 h of embryonic development. To investigate the influence of the surface properties of na-
noparticles on the uptake across the chorion and into the embryo of zebrafish, plain polysty-
rene microspheres were applied. The chosen microspheres were 0.05, 0.1, 0.2, 1 and 6 µm in 
size, bearing a yellow-green fluorescent dye and the surface was not modified by additional 
functional groups. The distribution patterns of the fluorescent microspheres were investigated 
by laser scanning confocal microscopy (LSCM) in vivo at 24 and 48 hpf. No uptake was 
found for the 1 and 6 µm sized particles, the signal was only detected at the chorion surface. 
The 0.05 and 0.2 µm sized microspheres were found at the chorion of the eggs, but also with-
in the embryos, mainly within the yolk sac. The 0.2 µm microspheres showed a slower and 
thus time-dependent uptake across the chorion and within the embryo. The 0.1 µm sized par-
ticles showed a different pattern. They were evenly distributed at the chorion surface and the 
signal deriving from the embryo was very low and had to be strongly multiplied for detection. 
Hence the properties of the residues on the chorion surface seem to play an important role for 
the interaction with and the uptake across the chorion surface and embryonic membranes. 
3.2 Introduction 
Polystyrene nano- and microparticles have a polystyrene core, in which the fluorescent dye 
can be entrapped. The surface of the beads can display variable functional groups to deter-
mine the effective surface charge. Typical cationic microspheres are polystyrene particles 
displaying amino groups. These cationic particles have been shown to be more toxic com-
pared to the anionic particles of the same size in different cell lines (Anguissola et al., 2014; 
Bexiga et al., 2014; Foged et al., 2005; Fröhlich, 2012; Kettler et al., 2014; Liu et al., 2011; 
Wang et al., 2013; Zauner et al., 2001), in sea urchin embryos (Della Torre et al., 2014) and 
as well as for dendrimers in fish embryos (King-Heiden et al., 2007). Interestingly, King-
Heiden et al. (2007) showed an increased toxicity in the presence of the chorion with cationic 
PAMAM dendrimers G4.0, whereas Bodewein et al. (2016) suggest the chorion to be rather 
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protective. Cationic particles interact with cellular membranes and the cytotoxic effect might 
derive from the formation of small holes in the membrane (Bexiga et al., 2014; Foged et al., 
2005; George et al., 2012; Kettler et al., 2014; Storm et al., 1995; Wang et al., 2012). 
Anionic microspheres have been applied frequently in biological methods due to their broad 
availability. The surface of these microspheres is highly charged and relatively hydrophilic 
(Invitrogen, 2004), making them water-soluble, less likely to bind to negatively charged cell 
surfaces, but more likely to bind proteins and other biomolecules. However, binding is less 
strong than by hydrophobic microspheres and coupling has to be supported by reagents (Invi-
trogen, 2004). Anionic microspheres are commonly functionalized with carboxylate or sulfate 
residues, leading to steric groups on the surface. Plain microspheres, which are not specialized 
any further, are supposed to bear sulfonated residues due to polymerization reaction during 
production processes (Anguissola et al., 2014; Della Torre et al., 2014). Although they are 
also anionic charged, they do not bear any additional functional groups but allow a direct 
comparison to the carboxylate-modified microspheres.  
The first obstacle the nanoparticles have to overcome is the chorion of the fish embryos. The 
zebrafish chorion has been described in detail in the Introduction of this thesis and its barrier 
function has been discussed in Chapter I and Chapter II. It is an acellular envelope composed 
of different zona pellucida proteins and a glycoprotein layer as the outer cover. Therefore, 
active uptake mechanisms as found in several cells cannot be transferred to the chorion uptake 
of nanoparticles. A passive uptake of nanoparticles has been further investigated in mammali-
an red blood cells, although the uptake takes place at the lipid bilayers which form the cell 
membrane. It has been shown, that the nanoparticles enhance the flexibility of the membranes 
without the formation of persistent holes (Wang et al., 2012).  
As has been shown in Chapter II, carboxylate-modified microspheres were, despite their size 
of 0.048, 0.1 and 0.2 µm, not able to cross the chorion of zebrafish embryos within the first 
48 h of embryonic development. The outer diameter of the pores in zebrafish chorions were 
determined at 0.5 - 0.7 µm (Lee et al., 2007; Rawson et al., 2000) with a center-to-center dis-
tance of 1.5 - 2.0 µm. The pores are cone-shaped with an even larger opening at the inside of 
the chorion. Based on the results obtained in the previous chapter of this thesis with carbox-
ylate-modified microspheres, this chapter focuses on the influence of surface properties of 
microspheres on the uptake across the zebrafish chorion. Instead of carboxylate-modified sur-
faces, plain microspheres were applied to freshly fertilized zebrafish embryos. These beads 
bear no additional functional groups on their surface. However, a comparison to the results 
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gained in the previous chapter is possible, since the plain particles exhibit a comparable 
charge, i.e. zeta-potential, as the microspheres used in Chapter II (Anguissola et al., 2014; 
Lundqvist et al., 2008; Ruenraroengsak and Tetley, 2015). The interaction of nanoparticles 
with the chorion might as well be especially influenced by surface modifications of the nano-
particles, leading to an uptake across this barrier. 
To investigate this interaction, plain microspheres were chosen for uptake-experiments with 
zebrafish embryos. The microspheres were 0.05, 0.1, 0.2, 1 and 6 µm in size, bearing a yel-
low-green fluorescent dye, and the surface was not modified by additional functional groups. 
Thus, the microspheres were anionic and the effective charge is supposed to be almost identi-
cal to the carboxylate-modified microspheres tested in chapter II. A restriction of uptake of 
the 1 and 6 µm sized microspheres is expected simple by the size difference to the chorion 
pore sizes. The uptake and distribution of the fluorescent signal of the microspheres was ob-
served via LSCM in intact eggs as well as dechorionated embryos, which were evaluated at 
24 and 48 hpf. Since only the displayed functional groups on the microsphere surface dif-
fered, a comparison was possible.  
3.3 Materials and methods 
3.3.1 Chemicals 
All chemicals were of highest purity available and purchased from Sigma-Aldrich (Deisenho-
fen, Germany). Tests were performed in 24-well polystyrene plates (TPP, Renner, Dannstadt, 
Germany) covered with self-adhesive foil (Sealing tape SH, 236269, Thermo Fisher Scien-
tific, Waltham, MA) and the lid. Pre-tests had shown no differences in microsphere distribu-
tion or fluorescence intensity between pre-saturated polystyrene plates or pre-saturated crys-
tallization dishes made of glass. To avoid any agglomerations or disturbances, the ionic 
strength of the test medium (dilution water) was set to a minimum. Therefore, the FET dilu-
tion water according to TG 236 (OECD, 2013a) was prepared in a 1:5 dilution.  
The used microspheres and additional information were generously provided by PhD student 
E. Malaeksefat of the Saarland University, Germany. They were not functionalized any fur-
ther, the surface is supposed to display sulfonate residues; thus, they are anionic micro-
spheres. All data obtained are listed in Table 5. 
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Table 5: Physical and chemical information of the differently sized microspheres. 
3.3.2 Fish maintenance and egg production 
Wild-type zebrafish (Danio rerio, Westaquarium strain) derived from own breeding facilities 
at the University of Heidelberg. Fish maintenance and egg production have repeatedly been 
described in detail (Kimmel et al., 1995; Nagel, 2002; Spence et al., 2008) and have been up-
dated for the purpose of the zebrafish embryo acute toxicity test (Lammer et al., 2009). Egg 
production was performed via spawning groups as recommended by the OECD TG 236 
(OECD, 2013a) with modifications according to Sessa et al. (2008). 
3.3.3 Exposure 
All solutions containing microspheres were wrapped in aluminum foil to prevent photo-
bleaching. The steps, where light was inevitable (pipetting, transferring of eggs, preparing of 
eggs/embryos), were kept at a minimum. The microspheres stock suspensions were sonicated 
for 5 minutes to gain homogenous suspensions before adding to the dilution water. The test 
concentrations were set to 0.01% and again sonicated for 5 minutes. The test design was basi-
cally according to OECD TG 236 (OECD, 2013a): plates were pre-saturated for 24 hours and 
the medium was renewed before insertion of the eggs and after 24 hours of exposure. The 
suitability of polystyrene plates was shown in pre-test by comparing the fluorescent signal at 
the chorion from embryos exposed in commonly used polystyrene plates and glass crystalliza-
tion dishes. No difference was detected. Incubation of the eggs within the plates was per-
formed in the dark at 26 ± 1 °C for 48 hours. A negative control without microspheres was 
run and evaluated in each test setup. 
Microsphere: 0.05 µm 0.1 µm 0.2 µm 1 µm 6 µm 
Producer Fluoresbrite®, Polysciences Inc. 
Catalog number 17149 17150 17151 17154 17156 
Surface Plain 
Core Polystyrene latex bead 
Density of polystyrene 1.055 g/cm³ 
Concentration of particles/mL 3.64 x 1014  4.55 x 1013  5.68 x 1012 4.55 x 1010 2.10 x 108 
Fluorescent dye Yellow green (441/486) 
Emission maximum 486 nm 
Particle size [nm] 0.0431 0.111 0.22 1 5.841 
Microscopy only very few or no aggregates after sonication 
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3.3.4 Preparation for microscopic evaluation 
The distribution of microspheres at and within the zebrafish egg was evaluated at 24 and 
48 hpf. Each egg was carefully washed three times with the modified dilution water (1:5). To 
immobilize the embryo within the egg, each egg was put into a well containing 1 mL of 
0.016% tricaine solution (MS-222, ethyl 3-aminobenzoate methanesulfonate), prepared in 1:5 
dilution water. At each time point, four exposed eggs were evaluated per microsphere class. 
Care was taken to avoid the light. Eggs were transferred within one small drop of tricaine so-
lution into glass bottom culture dishes (MatTek Cooperation, Ashland, USA). 
After semi-static exposure for 48 hours, four embryos were dechorionated after the washing 
steps with sharp forceps (DuMont™ No 5) as described by Henn and Braunbeck (2011). After 
dechorionation, the embryos were immobilized with 0.016% tricaine solution and transferred 
into glass bottom dishes. 
To avoid any movement during laser scanning session, eggs and embryos were embedded in 
1% low melting agarose (LMA; SeaPlaque® GTG® Agarose, FMC Bioproducts, Rockland, 
USA) prepared in 0.016% tricaine solution. Excess tricaine solution was removed from 
dechorionated embryos, which were orientated on the side within the LMA. Before analyzing 
under the fluorescence microscope, the embedded embryos were covered by 1 mL tricaine 
solution to keep the embryo immobilized during scan sessions and to avoid drying-up. 
3.3.5 Analysis of the microsphere uptake and distribution 
Analysis was performed with Laser Scanning Confocal Microscopy (LSCM, Nikon 90i; Ni-
kon Instruments, Netherlands) and images were taken with a Nikon C1 camera (Nikon In-
struments, Netherlands). Laser power was always set to 100%, the high voltage (HV) had to 
be adjusted individually for each microsphere and is noted under each image. Fluorescent 
(calcium green) and transmitted light (TD) images of optical section at the widest diameter of 
the egg are displayed separately and merged, and if available, z-stack images in –z orientation 
are shown. The images of the dechorionated embryos are either shown as z-stacks in –z orien-
tation or as an optical section to localize the fluorescent signal. All microscope and laser set-
tings are displayed in Table 6. Illustration of the microsphere distribution was performed us-
ing the Nikon imaging software NIS-Elements-Viewer (Vol. 4.20, Laboratory Imaging, 1991-
2013). 
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Table 6: Laser and microscope settings for evaluation of fluorescent signal within the chorion 
3.4 Results 
All tested microspheres showed a well-defined fluorescent signal and during the test, no ag-
glomeration was found in the medium. However, the microspheres tended to bind to feces and 
fungal hyphae on the chorion surface. At 48 hpf, the chorions were fragile and sometimes 
covered with fungal hyphae. Care was taken to illustrate the eggs showing less fungal infec-
tion. The pictures shown in this chapter illustrate a representative overview of the distribution 
of microspheres in eggs and embryos at 24 and 48 hpf. HV of the images are noted under 
each panel. 
6 µm microspheres 
After 24 hours of exposure, only few microspheres were found at the chorion and the 
fluorescent signal derieved solely from the chorion surface. In Figure 19, the patchy 
distribution of the microspheres on the chorion is illustrated. At 48 hpf, the microspheres did 
not cross the chorion; fluorescency was still only found at the chorion surface. As more 
microspheres were detected at the chorions surface at 48 hpf, a stronger signal was found. 
Hence, the HV of the laser had to be changed slightly from 15 at 24 hpf to 12 at 48 hpf. 
Noticable, the chorion shape at 48 hpf was effected in all exposed eggs. The chorions were 
Laser settings Calcium Green  
 Emission wavelength:  515 nm 
 Excitation wavelength: 488 nm 
 Pinhole radius: 60.00 µm (10x objective) 
  30.00 µm (4x objective) 
 Laser Power 100% 
 High voltage (HV) 1 to 25* 
  HV transmitted light (TD) 35 to 45* 
Microscope settings   
 Objectives: Fluor 10x W DIC N1 
  Plan Fluor 4x 
 First dichroic mirror:  408/488/543 
 First filter cube:  450/35 
 Second filter cube:  515/30  
    605/75 
* the exact HV settings of laser and transmitted light (TD) is noted underneath each image 
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very fragile, making it difficult to embed in agarose, and in some wells the embryo had 
already raptured the chorion. Also, fungal hyphae were found on some chorions (see Figure 
19 D – E). No z-stacks of eggs at 24 and 48 hpf were prepared. 
To clarify, whether the microspheres were able to cross the chorion, also dechorionated 
embryos were analyzed. After 24 and 48 hours of exposure, no fluorescent signal was found 
at or within the embryos (not illustrated). 
 
Figure 19: Distribution of 6 µm microspheres on the chorion of zebrafish embryos at 24 hpf (A-C) and 48 hpf 
(D-F). Merged (A, D), calcium green (B, E) and transmitted light (C, F) images illustrate the attached micro-
spheres to the chorion surface but not within the egg or embryo. At 48 hpf, the chorion is strongly shrunken due 
to handling and embedding. HV: 15 (A-C); 12 (D-F); TD: 37; 4x magnification; scale bar: 200 µm. 
1 µm microspheres 
After eggs were exposed to 1 µm sized microspheres, the fluorescent signal was evenly dis-
tributed over the whole chorion surface at 24 hpf (Figure 20 A-C) and at 48 hpf (Figure 20 D-
E). Differences could be found in the fluorescent signal intensity: more microspheres adhere 
to the chorion at 48 hpf, hence a stronger signal was detected and the HV needed adjustment 
(HV: 15 at 24 hpf and HV: 12 at 48 hpf). No signal was detected within the chorion and the 
embryo (Figure 20 A and D). Moreover, the dechorionated embryos did not reveal any fluo-
Chapter III 
 
68 
rescent signal (not shown).
 
Figure 20: Distribution of 1 µm microspheres on the chorion of zebrafish embryos at 24 hpf (A-C) and 48 hpf 
(D-F). Merged TD and calcium green (A, D), calcium green (B, E) and z-stack (C, F) images illustrate the at-
tached microspheres to the chorion surface but not within the egg or embryo. HV: 15 (A-C); 12 (D-F); TD: 37; 
4x magnification; scale bar: 200 µm. 
0.2 µm microspheres 
The microspheres were evenly distributed over the chorion surface and the fluorescent signal 
detected increased with increasing exposure time. Partly stronger fluorescent signals on the 
chorion surface indicate small agglomerations of microspheres, which were especially found 
at 48 hpf. Since the fluorescence increased in time, the HV settings for the z-stack image at 
48 hpf had to be reduced to HV of 1 to avoid oversaturation. Taking a look on the optical sec-
tions of the exposed eggs in Figure 21, no signal can be detected within the eggs at 24 hpf, 
however at 48 hpf, a very light signal can be seen, adumbrating the shape of the yolk (see 
arrowheads in Figure 21 E). This signal is very low and in dechorionated embryo at 24 hpf, 
no signal was detectable inside the embryo at an HV setting of 5. Z-stack images of the indi-
vidual frames and the enhancement of HV settings to 12 resulted in a light fluorescent signal 
within the embryo as shown in Figure 22 A, with retraced body shape for better presentation. 
For a better illustration, the signal was even further intensified; micrograph B in Figure 22 is 
taken with a HV at 22. At 48 hpf, no intensification was necessary, the fluorescent signal de-
riving from the embryo was clearly detectable in single optical images taken with the same 
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settings as the whole eggs (HV: 5). The signal inside the embryo is mainly found within the 
yolk. 
 
Figure 21: Distribution of 0.2 µm microspheres on the chorion of zebrafish embryos at 24 hpf (A-C) and 48 hpf 
(D-F). Merged (A, D), calcium green (B, E) and z-stacks (C, F) illustrate the attached microspheres to the chori-
on surface and very low signals in the yolk (see arrowheads in D). Arrow indicates aggregates of microspheres 
on fungal hyphae. A-E: HV: 5; F: HV: 1; TD 35; 10x magnification; scale bar: 150 µm. 
 
Figure 22: Embryos exposed within the chorion to 0.2 µm microspheres and dechorionated before analyzing. At 
24 hpf (A,B), z-stacks of the embryo were taken at HV: 12 (A) and HV 22 (B) illustrating fluorescent signal 
within the yolk (y), the yolk extension (ye) and no signal in head (h) and tail (t). At 48 hpf (C) signal was detect-
ed within the yolk (optical section) at HV 5. 10x magnification.  
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0.1 µm microspheres 
The 0.1 µm microspheres were attached in an evenly pattern all over the chorion surface after 
24 and 48 hours of exposure. Almost no agglomerations of microspheres were found, only at 
48 hpf, small, stronger fluorescent projections were found. The signal deriving from the mi-
crospheres was very low; the images were taken with comparatively high photomultiplier 
settings (HV 20-25). Notwithstanding, no signal at all could be detected within the eggs or 
inside the embryos. 
 
Figure 23: Distribution of 0.1 µm microspheres on the chorion of embryos at 24 hpf (A-C) and 48 hpf (D-F). 
Merged TD and calcium green (A, D), calcium green (B, E) and z-stack(C, F) images illustrate the attached 
microspheres to the chorion surface but not within the egg or embryo. A – E: HV: 25; TD: 45; F: HV: 20; 10x 
magnification; scale bar: 300 µm. 
After the embryos were dechorionated and analyzed, the fluorescent signal was detected with-
in the embryos. At 24 hpf, the fluorescent signal in the yolk was very low (HV: 22). At 
48 hpf, the microsphere signal was found within the yolk and in the area of the head, howev-
er, differences in fluorescent intensity were striking between the different analyzed embryos. 
Embryos illustrated in panel B and C in Figure 24 were both captured with a very high HV 
setting of 30. The signal detected in embryo of micrograph C showed an overall fluorescence 
in the yolk, the head and in the somites. Comparing one optical frame from embryo B in dif-
ferent settings (B1: merged and B2: calcium green), the signal was found mainly in the yolk. 
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Figure 24: Zebrafish embryos exposed within the chorion to 0.1 µm microspheres and dechorionated before 
analyzing. At 24 hpf (A), the fluorescent signal can be found in the yolk sack, however, signal is very light alt-
hough the image was taken with HV 22. At 48 hpf (B, B1-2, C), differences in intensity between the embryos 
were found. Z-stacks of the images taken with HV 30 (B and C) reveal different signal intensity. A single optical 
section image taken from the middle of the embryo shown in B, revealed a low signal at the yolk (B1 merged 
image, B2 calcium green only).B1-2: HV: 30; TD: 45; 10x magnification. 
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0.05 µm microspheres 
Analysis of the fluorescent signal of the 0.05 µm microspheres revealed an even signal, cover-
ing the surface if the zebrafish chorion and showing small aggregates at 24 hpf (Figure 25 A-
C), dents and fungal infection at 48 hpf (Figure 25 D-F). In the single cross section images 
taken at the widest diameter of the egg, the fluorescent signal can also be found within the 
embryo, but not within the perivitelline space. In z-stacks images of 24 and 48 hpf eggs, the 
embryos were clearly distinguishable within the eggs. Noteworthy, at 48 hpf the signal de-
tected from microspheres inside the embryo was strong, so the HV had to be reduced to 1. 
 
Figure 25: Distribution of 0.05 µm microspheres on the chorion of embryos at 24 hpf (A-C) and 48 hpf (D-F). 
Merged TD and calcium green (A, D), calcium green (B, E) and additionally z-stacks (C, F) images illustrate the 
attached microspheres to the chorion surface and within the embryo. At 48 hpf, the chorion is strongly shrunken 
due to handling and embedding and fungal infection can be found (asterisk). A-C: HV: 5; TD: 35; D-F: HV: 1; 
TD: 35; 10x magnification; scale bar: 300 µm.  
After dechorionation, the main signal was found within the yolk at both endpoints. At 48 hpf, 
the signal could also be detected in the head region and in a lower extend in the somites (see 
Figure 26 B). The detected fluorescent signal of the embryos at 24 and 48 hpf was strong and 
consequently the HV was set to the minimum of 1. 
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Figure 26: Zebrafish embryos exposed within the chorion to 0.05 µm microspheres and dechorionated before 
analyzing. At 24 hpf a signal is detected in the yolk (A). The signal increases at 48 hpf (B) and expands to the 
somites and the head. HV: 1; TD: 35; 10x magnification. 
3.5 Discussion 
The main purpose of the experiments was to identify the potential implications of micro-
sphere surface properties for an uptake across the chorion. Fluorescent microspheres with 
plain surface in a size of 6, 1, 0.22, 0.1 and 0.05 µm were applied to freshly fertilized 
zebrafish eggs, and distribution patterns were recorded in intact eggs and dechorionated em-
bryos. During exposure, no precipitations or hints of agglomerations of the differently sized 
microspheres within the test media were found. Likewise, no effects on survival of embryos 
exposed to the microspheres were observed. Due to chorion softening before hatch, the chori-
on structure at 48 hpf was very fragile and tended to dent when excessive solutions, trans-
ferred with the egg into the glass bottom dishes for microscopy, were removed from the eggs 
or when embedding in 1% low melting agarose was done. Nevertheless, these eggs were ana-
lyzable if the chorion was still intact and no differences to normally shaped chorions were 
detectable. No auto-fluorescence of zebrafish embryos was detected in the negative controls 
conducted in each test run with the different settings described. However, at HV 30 in some 
embryos of the negative control an auto-fluorescent signal was detected. This high HV setting 
was only applied for one illustration of 0.1 µm microspheres in dechorionated embryos to 
illustrate the differences between embryos of the same batch. However, this strong difference 
in fluorescent signal between embryos of the same egg batch and test run was an exceptional 
case. 
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Simply by the size of the microspheres, an effective barrier function of the chorion and the 
embryo was expected for 6 and 1 µm sized particles. The outer diameter of the chorion pores 
have been measured by Rawson et al. (2000) to be 0.5 – 0.7 µm with a center-to-center dis-
tance of 1.5 – 2.0 µm, which has been verified by Lee et al. (2007) in the chorion of living 
embryos using optical microscopy. The pores are cone-shaped with a larger opening at the 
inside of the chorion. Regarding the pure given physical facts, the microspheres exceeding the 
size of the pore canal diameter and should clearly be hold back by the chorion. However, the 
effects of size on the uptake have already been discussed in detail in Chapter II. Further dis-
cussion of the distribution of the smaller sized particles will therefore focus on possible influ-
ences of surface properties. 
Comparing the distribution pattern for the microspheres of 0.1, 0.2 and 0.05 µm it becomes 
clear that they are all evenly distributed on the chorion surface at 24 and 48 hpf. Hence, the 
local concentration of the microspheres at the chorion might be almost identical. If compared 
to the images taken at the carboxylate-modified microspheres of the same size (Chapter II), 
the distribution pattern is very similar. For all plain microspheres, an increase of particles at-
tached to the chorion was found in combination with a prolonged exposure period (24 < 48 h). 
In contrast to the observations made for the carboxylate-modified microspheres, an uptake 
across the chorion and even into the embryos was found for plain microspheres 0.05 to 
0.2 µm in size. 
A striking inconsistency was found for the results of the 0.1 µm sized microspheres: The up-
take of 0.05 and 0.2 µm sized particles suggested the ability of 0.1 µm microspheres to cross 
the pores of the chorion and reach the embryo. However, the fluorescent signal of the 0.1 µm 
sized particles was very low at 24 and 48 hpf and the HV had to be set up to 2. A further en-
hancement of intensity was needed when evaluating the dechorionated embryos (HV: 30). 
Also an irregularity of the signal intensity was found when comparing the images of different 
eggs taken with the same HV setting. High HV settings were needed for the detection of very 
low fluorescent signals, and, as a consequence, unspecific fluorescence signal might be de-
tected. The detection of signal at the HV settings of 30 in control embryos confirmed the un-
specific auto-fluorescence provoked at high HV. This might prove a restriction of uptake 
across the chorion and embryonic membranes for the 0.1 µm microspheres. It is noteworthy 
that the inconsistency in signal intensity between different individuals was only found in the 
test runs with 0.1 µm sized microspheres. 
Chapter III 
 
75 
To exclude the possibility of fluorescent dye leaking from the inside of the 0.05 or the 0.2 µm 
beads leading to the detected signal within the embryos, test media of all three nano-sized 
microspheres were analyzed via LSCM. No leakage at all was detected into the media. The 
fluorescent signal derived exclusively from point-sources representing the single particles. 
When comparing the size of the fluorescent spots, a consistent increase from 0.05 to 0.1 and 
0.2 µm was found. 
A clear statement on the uptake can only be made for 0.2 and 0.05 µm microspheres. The 
0.05 µm microspheres could easily be detected both inside the embryos within their chorions 
and inside dechorionated embryos at 24 and 48 hpf (Figure 25 and Figure 26). Notably, the 
HV were only set to 5 or 1, so the fluorescent signal was strong enough for a clear detection. 
With such low HV settings, the signal within the embryo at 48 hpf was also detectable in 
0.2 µm exposure group. However, at 24 hpf, the fluorescent signal of the microspheres had to 
be multiplied (HV 12 and HV 22) for a clear signal within the embryo. This indicates a slower 
and time-dependent uptake across the chorion of the 0.2 µm sized particles compared to the 
smaller, 0.05 µm microspheres. Surprisingly, no signal at all was found within the perivitel-
line space. 
Manabe et al. (2011) showed via fluorescent stereomicroscopy the uptake of plain and car-
boxylate-modified microspheres (Fluoresbrite®, 50 nm) across the chorion and into medaka 
embryos. They found the strongest fluorescent signal within the most lipophilic embryonic 
compartments, the yolk sac and the oil droplet, and additionally in the gall bladder. In contrast 
to the complete block of the carboxylate-modified microspheres as presented in Chapter II, 
Manabe et al. (2011) found a signal of the carboxylate-modified nanoparticles in medaka em-
bryos, albeit weaker than the one detected for plain microspheres. Their findings are presented 
without any further specifications about fluorescent microscopy settings, nevertheless it con-
firms the findings made in this thesis: Plain microspheres of 0.05 and 0.2 µm are taken up into 
zebrafish eggs and embryos, while the uptake of carboxylate-modified nanoparticles are at 
least restricted by the chorion. 
It is well established that living cells incorporate nanoparticles (NPs) by passive penetration 
of the plasma membrane or actively by exploiting the cellular endocytosis machinery (phago-
cytosis and pinocytosis). For the passive penetration through cell membranes, NPs were 
shown to interact with the lipid membranes, inducing the induction of small pores in many 
cases (Fröhlich, 2012; Kettler et al., 2014; Treuel et al., 2013; Wang et al., 2012). Different 
surface modifications of polystyrene nanoparticles lead to cationic or anionic charges, affect-
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ing the cellular uptake as well as the toxicity in various mammalian cell lines (Anguissola et 
al., 2014). Besides the already mentioned study by Manabe et al. (2011), this has also been 
shown in sea urchin embryos (Della Torre et al., 2014). It might be applicable for the uptake 
at the yolk syncytial layer and at the yolk cell membranes, where the uptake across the em-
bryonic membrane is supposed to happen. However, the chorion is an acellular envelope and 
an active transport across this first barrier of the unhatched zebrafish can be excluded. The 
uptake of the microspheres across the chorion might be a combination of the different attrac-
tive forces exerted by the different egg compartments: The microspheres attach and deposit by 
kinetically driven processes (Praetorius et al., 2014) to the chorion surface, leading to an ac-
cumulation of the particles. Hence, the local concentration of microspheres increases and 
since the surface charges of the particles bound to the chorion surface are identical, an interac-
tion between the particles is inevitable when a critical mass of particles is achieved. Conse-
quently, the particles eventually cross the chorion via the pore canals. The exact mechanism 
of uptake across the chorion has not been revealed yet. Lee et al. (2007) postulated the uptake 
of AgNPs across the chorion to be a passive diffusion process depending on concentration 
gradients; however, Praetorius et al. (2014) described the behavior of NPs to be driven by 
kinetically controlled attachment and deposition and not by the formation of a thermo-
dynamic equilibrium. Nevertheless, within the chorion a signal was only detected within the 
embryo and not within the perivitelline space, thus an (active) uptake across the embryonic 
membranes into the most lipophilic compartment: the yolk sac has taken place. The lipophilic 
compartment of the embryo might have a stronger attraction to the microspheres and the up-
take across the embryonic membranes might happen faster than the passive uptake across the 
chorion. This could lead to a lack of fluorescent signal within the perivitelline space.  
The involvement of surface properties and reactivity of nanoparticles to zebrafish embryo 
toxicity was also shown by George et al. (2012), who found cysteine-coated Ag nanoplates to 
be less toxic compared to plain nanoplates. Labeling nanoplates with RITC (Rhodamine 
Isothiocyanate) reduced the toxicity and effect rate in zebrafish embryos even more and fluo-
rescence microscopy demonstrated that the nanoplates bind to the chorion without any uptake. 
Consequently, they assumed a reduction of bioavailability due to a passivation of the Ag na-
noplates surface by labeling with RITC (George et al., 2012). Several researchers have shown 
that the charges (zeta-potential) of plain and carboxylate-modified polystyrene nanoparticles 
of the same size are almost identical (Anguissola et al., 2014; Lundqvist et al., 2008; 
Ruenraroengsak and Tetley, 2015). As no uptake of the carboxylate-modified polystyrene 
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microspheres across the chorion was detected, the mechanisms behind these differences in 
uptake must be dependent not solely on the charge of the nanoparticles. This means, that the 
residual groups covering the polystyrene core, might interact with the chorion, the chorion 
pores and/or the glycoprotein layer covering the whole egg surface. The –COOH groups of 
the carboxylate-modified microspheres must interact in a more persistent way with the chori-
on of zebrafish than the groups of the plain polystyrene. The surface of the plain microspheres 
is supposed to act almost identically to sulfonate-functionalized microspheres (-SO3H), due to 
sulfonate residues during the polymerization processes (Anguissola et al., 2014; Della Torre 
et al., 2014). A direct hydroxyl group interaction of graphene oxide with the chorion of 
zebrafish embryos was shown by Chen et al. (2015b). Besides interaction with the chorion, 
provoking hypoxia due to chorion pore clogging and a delay in hatching, they also found an 
incorporation of the about 147 nm sized graphene oxide into embryonic tissue (heart-blood 
system, muscle, yolk sac), inducing ROS (reactive oxygen species). It was shown that poly-
ethylene glycation of nanodots cover abundant carboxyl and amidogen groups on the surface. 
This was shown to decrease the sublethal and lethal effects found in zebrafish embryos at 24 
and 48 hpf (Chen et al., 2015a), indicating a restricted bioavailability of these nanodots. 
Several studies with polymeric dendrimers have ascertained contrary relations between toxici-
ty and increasing number of terminal groups characterizing the different generations of den-
drimers and thus a higher charge of the dendrimers. Harper et al. (2015) and Bodewein et al. 
(2016) found a decreased toxicity of anionic and cationic dendrimers in zebrafish embryos 
with increasing members of terminal groups, regardless if tested with or without the chorion. 
They assumed the positively charged dendrimers to interact with the negatively charged cho-
rion, resulting in a hindered uptake. Contrary, King-Heiden et al. (2007) reported an increase 
of zebrafish toxicity with increasing number of reactive moieties on the surface of the tested 
cationic dendrimers, which they explained by an increase of effective concentration due to the 
attractiveness of the negatively charged chorion to the positive dendrimers. Hence, the plain 
charge of a particle or molecule might not be solely responsible for an uptake or a block. 
The chemical residues covering the surface of nanoparticles might display the most important 
key factor for an uptake across not only the chorion, but also across the embryonic mem-
branes. However, the mechanism behind interaction with chorion and embryonic membranes 
seems to be dependent on many other factors. Further investigations with determination of 
nanomaterial characteristics in FET water are necessary to get further insights in uptake 
mechanisms across the chorion of zebrafish embryos. Also the application of electron micros-
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copy might be considered to elucidate the interaction of nano-sized particles with the chorion, 
embryonic membranes and tissues. 
3.6 Conclusions 
Plain 0.05 µm and 0.2 µm sized polystyrene beads were found to cross the chorion and the 
embryonic layers of zebrafish embryos. Comparing these results to the results derived with 
almost identically sized carboxylate-microspheres as presented in Chapter II, it becomes clear 
that the residual groups covering the polystyrene play the key role for uptake mechanism. The 
carboxylate-modified microspheres interact in a more persistent way with the zebrafish chori-
on, the pores and/or with the glycoprotein layer of the chorion than the plain microspheres. 
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4. Permeability of the chorion of the fathead minnow, 
Pimephales promelas 
4.1 Abstract 
Early life stages of fish represent an alternative model to adult fish used for ecotoxicological 
studies to assess the potential risk of chemicals. During the first days of embryogenesis the 
embryo is surrounded by an acellular envelope, the chorion, which has repeatedly been dis-
cussed as a potential barrier for chemicals. In this study, the uptake across the chorion of fat-
head minnows has been studied by two different approaches: 
(1) High solutes of differently sized polyethylene glycols (PEGs) were used to evoke osmotic 
pressure. Exposure to molecules of a size not able to cross the chorion should results in an 
efflux of water and a reduced reflux, indicated by deformations of the chorion. An uptake was 
assumed for PEGs ≤ 4,000 Da since no chorion deformations were found. PEGs of a molecu-
lar size of 6,000, 8,000 and 12,000 Da were restricted in uptake across the chorion; no equi-
librium could be found and the chorions remained deformed. 
(2) Fluorescent microbeads were applied to freshly fertilized eggs and the distribution pattern 
of these beads was illustrated by laser scanning confocal microscopy (LSCM). The carbox-
ylate-modified fluorescent microspheres 0.048 µm in size were detected on the chorion sur-
face and especially at the adherends of the fathead minnow eggs, but not inside the perivitel-
line space or the embryos. No time-dependent uptake could be found, although the chorion is 
supposed to soften and permeability thus increasing. 
The results suggest that not only the size of a chemical, but also its chemical and physical 
properties play a major role for uptake across the chorion of teleost fish. Likewise, the proper-
ties of the chorion itself might influence the uptake of a chemical due to binding. 
4.2 Introduction 
The fathead minnow for ecotoxicological testing of chemicals 
The fathead minnow, Pimephales promelas, is the most common laboratory fish in the United 
States of America and has been used for (eco-)toxicological studies since the 1950ies (Ankley 
and Villeneuve, 2006). An enormous database regarding toxicity tests with the fathead min-
now was established by the U.S. EPA and can be found on their webpage (access under 
http://cfpub.epa.gov/ecotox/), however, data about developmental toxicity in the fathead min-
Chapter IV 
 
82 
now embryos are scarce. In July 2013, the OECD has approved the new guideline 236 “Fish 
Embryo Acute Toxicity Test (FET)” for the testing of chemicals with embryos as an alterna-
tive to the acute fish toxicity tests like TG 203 and 210 (OECD, 1992, 2013b). As Braunbeck 
et al. (2005) showed, the principles of the FET are - with minor modifications - transferable to 
other OECD fish species like the medaka or the fathead minnow. To propagate and establish 
the fish embryo acute toxicity test (FET) with fathead minnow, more information about de-
velopmental sublethal and acute effects is needed.  
The fathead minnow develops slightly slower compared to zebrafish development and to un-
derstand chemical alterations in development, a profound knowledge is essential. The follow-
ing passage summarizes the early development of fathead minnow embryos at 25 °C accord-
ing to the works by Devlin et al. (1996) and Böhler (2012).  
The 1-cell stage of a freshly spawned fathead minnow egg appears approximately 40 minutes 
after fertilization and the first cleavage, which takes about 5 – 7 minutes, results in 2 equal 
sized blastomeres at 1 hpf. Further synchronous, meridional cleavages every 15 – 25 minutes 
results in rows of equal sized cells. At the 32-cell stage (at 1:55 h), the cleavage becomes 
asynchronous and difficult to follow, since the cleavage planes are no longer perpendicular to 
the yolk body. According to Devlin et al. (1996), the chorion hardens at this stage and is about 
1.4 mm in diameter. At 3:30 hours, the late cleavage stage can be distinguished as the cells 
form an elevated cap upon the yolk and the outermost very closely packed cells form the early 
epidermal stratum. During the next 4:30 hours, the blastula expands (high blastula stage), flat-
tens (flat blastula stage) and starts the gastrulation in which the edge of the blastoderm be-
comes elevated and forms the early germ ring. This germ ring starts to migrate over the yolk 
body, and as the extensions of the germ ring meets, the end of the epiboly stage is marked at 
13:00 hours. At this stage, the optic anlagen become visible as two lateral enlargements of the 
head region. The first five somites appear 3 hours later, and the different brain regions, the 
notochord, the optic anlagen and the beginning of the pericardial coelom can be distinguished. 
Also, the Kupffer’s vesicle becomes present, an important factor for the left-right develop-
ment of the organs of the fathead minnow embryo. The first neuromeres are visible after 20 
hours (14 somites pairs) and at 22:00 hpf, the otic vesicles have formed. At 24 hpf, the tail 
bud stage is reached, in which the embryo has formed about 20 somites pairs and the tail 
starts to detach from the yolk. Also at this stage, the olfactory placodes are visible and the 
lens placodes extend into the optic cup. First movements of the embryo are visible from 25.5 
hpf onwards and the tail becomes completely detached from the yolk about one hour later. 
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The heart forms parallel to the tail detachment and sporadic beating becomes visible from 27 
hours onwards. A constant heartbeat is visible at 30 hpf, which leads to the circulation of 
pigmented blood cells from 35 hpf onwards. From this time point on, the embryo elongates 
and grows, consuming the yolk, which becomes steadily smaller. Retinal pigmentation starts 
at 40 hpf, the blood starts running through the intersegmental arteries about 10 hours later (50 
hpf). At 72 hpf, the embryonic body becomes curved around the yolk, tail and pectoral fins 
start to grow and at the yolk sac, the body pigmentation starts spreading over the body. At 96 
hpf, the swim bladder becomes visible, the embryo straightens and the yolk is almost com-
pletely absorbed. At 120 hpf, the gill starts ventilation, eyes begin to move and the embryo is 
ready to hatch. The swim bladder darkens and the bile bladder can be easily distinguished by 
its bright yellow color. Hatch occurs between 96 and 144 hpf. 
One of the most discussed potential barriers for chemical substances in the fish embryo toxici-
ty test is the egg envelope, the chorion. Reproduction in fathead minnow is slightly different 
than in zebrafish, thus the chorion structure of fathead minnow eggs also differs compared to 
zebrafish chorion. Fathead minnows spawn beneath floating or submerged objects. The terri-
torial males clean and prepare a nesting site with their tubercles around the mouth. Egg depo-
sition takes place underneath this site, to which the male lifts the female. The buoyant and 
adhesive eggs stick to the substrate as well as to other eggs. Several females can contribute to 
an egg batch, and the male will remain at the nest site to guard and clean the eggs until the 
embryos hatch (Denny, 1987). Hardening of the chorion takes place at multicellular stage 
(Braunbeck et al., 2005; Devlin et al., 1996) and thereafter, the chorion of the fathead min-
nows show flat areas, the adherends. At these sites, the eggs are glued to the underground or 
to neighboring eggs. 
Is the chorion a barrier? 
Given the extensive database on toxicity in fathead minnows, surprisingly few studies have 
investigated the uptake of chemicals across the chorion and into the embryo. An almost linear 
increase of 3H-uridine within the first 4 days of fathead minnow development was detected by 
Manner and Muehleman (1976). However, time-dependency in the uptake was recorded by a 
very rapid uptake of methyl-mercury across the chorion of one-cell fathead minnow eggs 
within the first 12 hours of exposure and a subsequent slower uptake for the next hours 
(Devlin, 2006). This might indicate an age-dependent change in permeability of the chorion 
due to the chorion hardening processes, which can be supported by the findings of an uptake 
of silver nanoparticles across the chorion and inside the embryo within the first 24 hours of 
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development (Laban et al., 2010). Also highly lipophilic substances, like TCB (3-3’-4-4’-
tetrachlorobiphenyl) have been found in high levels in eggs spawned under exposure 
(Lindstrom-Seppa et al., 1994). However, this uptake is rather based on the maternal transfer 
of the toxin inside the eggs and might only partly results from a direct uptake across the cho-
rion after spawning. Generally, the mechanisms of hardening after spawning and softening 
before hatch in conjunction with a changing permeability might be comparable to mecha-
nisms found for the zebrafish chorion. Nevertheless, very little is known about the structure, 
properties and composition of the fathead minnow chorion. 
The fathead minnow chorion of 4 hpf eggs was briefly described by Lillicrap (2010), who 
found a very smooth and lustrous appearance of the egg outside in SEM images (Figure 27 
A). Considerably less particulates and microorganisms stuck to the outside of the chorion 
compared to the chorion of zebrafish embryos. With higher magnification, he found evidence 
of the pore openings, 0.2 µm in size, on the outside of the chorion (Figure 27 B). More or less 
by accident, he also presented the adherent of the eggs (arrow in Figure 27 A), which appears 
to be a plane area with a smooth surface, covered by small scratches. The edge of the plane 
area, however, might possess different structural properties, since it appears fringed.  
Manner et al. (1977) investigated the ultrastructure of the chorion, showing that it is about 
10 µm thick and composed of 21 layers. He described the chorion to consist of the outer layer 
with ridges covering 19 lamellar layers showing all different fiber orientation, beneath which 
an electron-dense inner layer is found (Manner et al., 1977). Only recently, Böhler (2012) 
confirmed the layering, however in a different orientation: The outer layer of the chorion is 
the electron dense one (see C and D in Figure 27), covering the multi-orientated layers. The 
different orientations of these layers are thought to contribute to the stiffness of the egg enve-
lope of the fathead minnow. The chorion is pierced by small pores which are regularly dis-
tributed all over the chorion (Manner and Dewese, 1974; Manner et al., 1977) and meander 
through the different layers. As a sperm-entering site of the egg, one star-shaped micropyle 
can be found. While embryogenesis takes progress, the layers become thinner, contributing to 
an increase in permeability (Manner and Muehleman, 1976; Manner et al., 1977). 
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Figure 27: An overview of the fathead minnow chorion. SEM images of the outside (A and B) taken by Lillicrap 
(2010) show a very smooth and lustrous surface of the chorion (A; 80x magnification) in which the outer pore 
openings can be discovered (B; magnification: 8000x). TEM images of the chorion (C and D) taken by Böhler 
(2012) show the outer surface of the chorion to be electron-dense, while the thickest part of the chorion is made 
of different orientated layer, through which the pore canals (arrowheads D; 16000x magnification) meander and 
form little lacunae (arrowheads in C; 6200x magnification). 
In the Introduction of this thesis, the properties and structures of zebrafish chorion have been 
described in detail, and the two striking differences in chorion properties of the fathead min-
now are as followed: (1) the most prominent differences are the thickness and the stiffness of 
the fathead minnow chorion compared to the rather fragile chorion of the zebrafish; (2) taking 
a closer look on embryonic development, a striking difference is found in the time spent with-
in the chorion: Hatching occurs between 52 and 96 hours post fertilization (hpf) in zebrafish, 
while the fathead minnow is slower in development and hatching occurs between 72 and 
120 hpf. Also the criteria of the zFET had to be adjusted to the slightly slower development of 
the fathead minnow embryos as described above.  
A brief overview about the most important facts of the chorion of the zebrafish and the fat-
head minnow are summarized in Table 7. 
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Table 7: The most important facts about spawning and the chorion of the two common OECD fish species for 
chemical testing, the zebrafish and the fathead minnow 
 
  
 Zebrafish Fathead minnow 
  Danio rerio Pimephales promelas 
Spawning flooded vegetation in still, shallow water with silt-covered bottoms 
underneath submerged substrate 
(stone, woods, leafs, etc.) 
Egg shape round, 1 mm, translucent 1 mm, translucent, stick to surface (adherends are flat) 
Chorion thickness 1.5 – 2.5 µm  10 µm 
Chorion layers:     
outside smooth, electron-dense electron-dense* 
middle electron-lucent 19 layers of different fiber orientation 
inside electro- dense, thickest layer honeycomb-like structure* 
Pores distributed all over the chorion, size: 0.5 - 0.7 µm, corkscrew, ridged walls 
distributed all over chorion, size: 0.2 
µm, in loops through the chorion 
Micropyle yes, round yes, star-shaped 
Surface small depositions all over surface smooth, clean surface; males clean eggs, deposition of anti-fungal secrete 
Handling soft structure, easy manipulated and ruptured stiff and robust, strong appearance 
* since the orientation in Manner et al. 1977 is apparently inverted, the description in this table is adjusted ac-
cordingly. 
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Aims of the tests with the fathead minnow embryo 
These differences are important regarding the testing of potential toxic substances and the 
evaluation of data obtained with embryonic stages. No concrete conclusion can be drawn 
whether or not a substance is able to cross the chorion. For this purpose, the same approach 
was chosen for the investigation of the uptake across the chorion of the fathead minnow em-
bryo as described for the zebrafish (see Chapter I and Chapter II).  
(1) In order to gain more information about the upper limit of the molecular size of chem-
icals to cross the chorion, differently sized, non-toxic polymers, the hydrophilic poly-
ethylene glycols (PEGs) were applied to fathead minnow eggs. In the present study, 
PEGs in a molecular weight range of 2 000 – 12 000 g/mol were applied at a concen-
tration of 20 g/L. This concentration is able to evoke osmotic effects and will lead to a 
deformation of the chorion if no uptake is possible. The molecular weight of the PEG 
solution, in which the chorion shape was not influenced or was able to be regained 
during the exposure time of 120 hours post fertilization (hpf), is equivalent to the crit-
ical molecular size to cross the chorion. 
To ascertain a possible time-dependent increase in permeability of the chorion, the ex-
posure periods were: (1) 0 – 120 hpf; (2) 24 – 120 hpf and from (3) 48 – 120 hpf. 
(2) The uptake of small particles across the chorion was investigated by the distribution 
pattern of 0.048 µm sized carboxylate-modified microspheres (FluoSpheres®, Invitro-
gen). These microspheres are small manufactured ultraclean polystyrene particles, 
loaded with a red fluorescent dye and are easily located at or within the chorion and 
the embryo via laser scanning confocal microscopy (LSCM). Distribution patterns of 
the fluorescent particles were evaluated at 24, 48 and 72 hpf. 
In the following sub-chapters (4.3 and 4.4), the two approaches are described and the re-
sults are presented and discussed separately. All findings with the fathead minnow are 
summarized in a joint conclusion (4.5). 
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4.3 The critical molecular size of polymers to cross the chorion of fat-
head minnow 
4.3.1 Materials and methods 
4.3.1.1 Chemicals 
All chemicals were of highest purity available and purchased from Sigma-Aldrich (Deisenho-
fen, Germany). Tests were performed in 24-well polystyrene plates (TPP, Renner, Dannstadt, 
Germany) covered with self-adhesive foil (Sealing tape SH, 236269, Thermo Fisher Scien-
tific, Waltham, MA) and the lid. 
The PEGs (CAS 25322-68-3) used were: PEG 2 000 (average MW 2 050), PEG 3 000 (aver-
age MW 3 015 - 3 685), PEG 4 000 (average MW 3 500 - 4 500), PEG 6 000 (average MW 
5 000 - 7 000), PEG 8 000 (average MW 8 000), and PEG 12 000 (average MW 11 000 - 
15 000). All stock solutions and test concentrations were prepared in dilution water 
(294.0 mg/L CaC2 × 2 H2O; 123.3 mg/L MgSO4 × 7 H2O; 64.7 mg/L NaHCO3; 5.7 mg/L 
KCl) according to OECD TG 236 (OECD, 2013a). Before use, the pH value of the dilution 
water was adjusted to 7.7 ± 0.2. For each test run, a stock solution of the respective PEG was 
prepared at a concentration of 100 g/L. To correct the volume, the volume of the stirring bar 
was added after completed preparation of the solutes in volumetric flasks. Stock solutions 
were stored in the dark at room temperature and stirred thoroughly before usage. The PEG 
test concentration was set to 20 g/L, and the test medium was prepared daily from the stock 
solutions. 
4.3.1.2 Fish maintenance and egg production 
Wild-type fathead minnow, originating from R. Länge (Schering AG, Berlin, Germany) de-
rived from own breeding facilities at the University of Heidelberg. Holding tanks with black 
glass walls were 10 L or 40 L flow-through aquaria, in which either one or two spawning 
groups were held. Spawning groups consist of 1 male and 2 female fathead minnows, and 
each group had access to a spawning substrate made of PVC tube halves with a plastic tray. 
Temperature was kept 25 ± 1 °C and the photo period was set to 16 hours light - 8 hours dark. 
Constant water aeration kept oxygen > 90%, water hardness was about 20 °dH (356 mg Ca-
CO3). Other water parameter (pH, conductivity as well as nitrate, nitrite and ammonium) were 
all in adequate range for fathead minnows (Braunbeck et al., 2005; Denny, 1987). Fish were 
fed twice daily with dry flakes ad libitum and additionally once daily with freshly defrosted 
brine shrimps (Kordon’s Golden Gate® Frozen Brine Shrimp, Kordon LLC, Hayward, USA.). 
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Each morning and afternoon, spawning substrates were checked for eggs. If eggs were pre-
sent, the PVC-houses were removed and eggs were carefully scratched with a spatula from 
the spawning substrates. Egg clutches were separated carefully with forceps using a stereo 
microscope. Developmental stages of the eggs were determined according to Devlin et al. 
(1996). 
4.3.1.3 Egg exposure 
Only fertilized and regularly divided eggs were used for tests. After separating the egg clutch-
es they were directly transferred into PEG solutions or incubated in dilution water until expo-
sure started at 24 or 48 hpf. Eggs were incubated (Memmert, Schwabach, Germany) at 25 ± 1 
°C and a 16 h light : 8 h dark regime. 
Exposure was performed in triplicates with 10 eggs each due to the small clutch sizes, and 
started at 0-5 hpf, 24 hpf and 48 hpf. To assure a comparable start of exposure, the eggs were 
transferred into 4 mL of the PEG solutions subsequently after checking the egg quality and 
developmental stage. Thereafter, eggs were transferred into 24 well plates, which had been 
pre-saturated for 24 hours and were refilled with 2 mL of the respective PEG solution. A neg-
ative control (dilution water) was performed with 12 eggs. An internal negative control on 
each plate was only conducted, if enough eggs were available. However, an internal negative 
control was not taken into consideration when evaluating the chorion shape. Since only one 
concentration (20 g/L) of the different PEGs were tested, no positive control was performed. 
To minimize evaporation, the 24 well plates were closed with a self-adhesive tape and the lid 
and placed in the incubator. All tests were performed semi-static; the medium was renewed 
every 24 hours after recording effects.  
4.3.1.4 Endpoints and evaluation 
Evaluation of effects on chorion and embryos were performed every 24 hours using an invert-
ed microscope (Olympus CKX41, Olympus, Hamburg, Germany). To illustrate effects, mi-
crographs were taken (AxioCam ICc1, Zeiss, Oberkochen, Germany). Effects on the embryos 
were observed and recorded according to OECD TG 236 (OECD, 2013a). Lethal endpoints 
were coagulation, non-detachment of the tail, non-formation of the somites and lack of heart-
beat. However, the times for the lethal criterion “non-detachment of the tail” had to be adjust-
ed the slightly slower embryonic development of the fathead minnow compared to the 
zebrafish (see Figure 8). Additionally, every abnormality in development was recorded until 
the end of the tests at 120 hpf. Also all hatched fish were recorded. 
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Table 8: Summary of the lethal and sublethal endpoints of the FET determined according to OECD TG 236 
adjusted to the development of the fathead minnow according to Devlin et al. (1996) and Böhler (2012) 
Due to the structure and stiffness of the fathead minnow chorion, deformations of the chorion 
were rated from 0 (no effects) to 3 (strong deformation of the chorion). Care has been taken to 
count only deformations caused by the PEG solutes and differentiate these effects from the 
adherends of the fathead minnow eggs.  
To see and evaluate all deformations of the chorion, it was necessary to shake the eggs, as 
they tend to lay on flat sections or on big chorion deformations. While swirling in the test 
medium, all sides of the egg could be evaluated. The rating system of fathead minnow chori-
ons is illustrated with representative pictures and a short description in Table 9. To get clearer 
results of the deformations, intermediate grades of 0.5 were given. Coagulated eggs were not 
taken into account for the evaluation of the chorion deformations, since the degradation pro-
cess and the fungal infestation might influence the grade of deformation. 
All illustrations were prepared using Sigma Plot 12.0 (Systat Software, San Jose, California, 
USA). For statistical analysis, one-way analysis of variance (One-way ANOVA) with multi-
Toxicological endpoints Exposure time (hpf) 
Lethal endpoints 24 48 72 96 120 
 Coagulation * * * * * 
 Non-detachment of the tail  * * * * 
 Lack of somites * * * * * 
  Lack of heartbeat   * * * * 
Sublethal endpoints           
 Lack of spontaneous movement  * *   
 Reduced heartbeat rate  * * * * 
 Reduced or lack of blood circulation  * * * * 
 Reduced or lack of pigmentation   * * * 
 Affected eye development * * * * * 
 Edema formation (yolk sack or pericardium)  * * * * 
 Tail deformation
 a * * * * * 
 Spine deformation 
a * * * * * 
 Somite deformation * * * * * 
 Head deformation * * * * * 
  Retardation in development * * * * * 
a might be difficult to see within the chorion 
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ple comparisons versus control group (Dunnett's Method) was performed, regardless if nor-
mality tests failed.  
Table 9: Rating system for the different chorion deformations as a result of PEG-induced osmotic effects. Effects 
were rated from 0 = no deformation with glue-patches visible to 3 = very strong deformations of the chorion 
with no or only little room for the embryo. Pictures taken by A. Keck. 
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4.3.2 Results 
4.3.2.1 Effects of differently sized PEG on embryonic development 
Across the different approaches, the effects on embryos exposed to differently sized PEG 
were quite similar. Only few embryos were coagulated or showed other lethal effects. The 
most prominent alterations in embryonic development were effects on the cardiovascular sys-
tem and deformations of the head (see all examples in Figure 28). The morphology of the 
head could be extremely altered and especially eye formation was severely affected (see ar-
row in Figure 28). Common sublethal effects in fathead minnow embryos were a reduced 
heartbeat with a reduction or a complete lack of blood-flow. Moreover, accumulation of blood 
cells (arrowheads in Figure 28), the formation of edemata of the pericardium and above the 
yolk (see asterisks in Figure 28) as well as general deformations of the yolk were found in 
exposed embryos. Some of the sublethal effects on the spine like scoliosis or sharply bent tails 
(Figure 28 A, C and D) could only be evaluated in detail after hatch. 
 
Figure 28: Sublethal effects in fathead minnow embryos at 120 hpf exposed to 20 g/L PEG 3,000 (A), PEG 
6,000 (B) and PEG 12,000 (C, D). Note the effects on eye development (arrow), blood accumulation (arrow-
head) and the edema above the yolk (asterisk) and deformation of the yolk itself. Also very prominent are the 
deformations of the head (A-D) and the formation of pericardial edema (A, B and D) and the bent tails (A, C, D). 
Pictures taken by A. Keck. 
All effects (lethal and sublethal effects) were analyzed in 3 runs, each with 10 embryos. To 
get an impression of the effects of 20 g/L PEG in fathead minnow embryos, the percentage of 
all lethally and sublethally affected embryos were summed up and are illustrated in Figure 29, 
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Figure 30 and Figure 31. The exact percentages of coagulated or affected embryos can be 
found in the Annex. All conducted tests were valid, since less than 10% of the embryos of the 
negative control showed any effects. Exposure started directly after fertilization (approximate-
ly 0 - 3 hpf), 24 hpf and 48 hpf and each test was run until 120 hpf. 
Exposure start from 0 hpf onwards 
When exposure started directly after fertilization, the embryos showed an increase of effects 
correlated to the size of PEG they were exposed to (see Figure 29). Only a minor time-
dependent increase of affected embryos was observed. Only few affected embryos were found 
in PEG ≤ 4,000 Da throughout exposure time. At the end of exposure, the percentages of af-
fected embryos exposed to PEGs ≤ 4,000 were between 10 and 16.7% and hence only slightly 
elevated compared to control group (5.5%).  
 
Figure 29: Effects in fathead minnow embryos exposed from 0 hpf to 120 hpf to differently sized PEGs at 
20 g/L. A size-dependent increase in affected embryos could be found for PEGs ≥ 6,000 Da. ANOVA with com-
parison to control group (Dunnett’s method; * P < 0.1, ** P < 0.01, *** P < 0.001). n= 3 runs à 10 embryos. 
Data produced jointly with A. Keck. 
Effects in embryos exposed to PEGs ≥ 6,000 Da were found very early in development and 
became manifested over the course of exposure. Whereas embryos exposed to PEG 6,000 
showed effects between 15 and 30% throughout exposure, effect levels in PEG 8,000 and 
12,000 were always higher. From 72 hpf onwards, tremendous effect rates with statistically 
significant differences to control (P < 0.05) were found in embryos of those two treatments. 
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At 120 hpf, 63.3% embryos exposed to PEG 8,000 and 90% exposed to PEG 12,000 showed 
alterations in embryonic development.  
Exposure start from 24 hpf  
Exposure from 24 hpf until 120 hpf showed almost identical effect rates than exposure start-
ing from 0 hpf onwards. Again, no significant changes in percentage of affected embryos ex-
posed to the different PEGs could be found over the exposure period of 96 hours (120 hpf). 
However, the effect rates of PEG 12,000 showed statistically significances to control group 
(P < 0.001) at each time point of evaluation. At the end of the test, after 96 hours of exposure, 
57% of the embryos exposed to PEG 8,000 and 90% of the embryos exposed to PEG 12,000 
showed effects. At this time point, PEG 6,000 caused in approximately 20% of the introduced 
embryos effects, while at the same time PEG 3,000 and PEG 4,000 showed 6.7% affected 
embryos. No effects were found in embryos exposed to PEG 2,000 during the whole period of 
exposure. 
 
Figure 30: Effects in fathead minnow embryos exposed from 24 hpf to 120 hpf to differently sized PEGs at 20 
g/L. A size-dependent increase in affected embryos could be found for PEGs ≥ 6,000 Da, however only PEG 
8,000 and 12,000 revealed statistically significances in affected embryos compared to control (ANOVA with 
comparison to control group (Dunnett’s method; * P < 0.1, ** P < 0.01, *** P < 0.001). n= 3 runs à 10 embryos. 
Data produced jointly with A. Keck. 
 
  
Chapter IV 
 
95 
Exposure start from 48 hpf  
When exposure started at 48 hpf, a maximum effect rate of 55% could be found. Throughout 
the test, only few embryos of the control group showed effects. A minor time-dependent in-
crease of affected embryos was found in PEG 2,000 with 6.7% affected embryos at 72 hpf 
and 26.7% at 120 hpf. Embryos exposed to PEG 3,000 – 8,000 showed similar effect ranges 
between 6.7% for PEG 4,000 and 20% for PEG 8,000. Statistical differences to control group 
(P < 0.01) were found for embryos exposed for 48 hours (96 hpf) and 72 hours (120 hpf) to 
PEG 12,000. 
 
Figure 31: Effects in fathead minnow embryos exposed from 48 hpf to 120 hpf to differently sized PEGs at 
20 g/L. Overall response of embryos to the different PEG did not exceed 60% threshold. Only PEG 12,000 re-
vealed statistically significances in affected embryos after 48 and 72 hours of exposure (at 96 hpf and 120 hpf) 
compared to control (ANOVA with comparison to control group (Dunnett’s method; * P < 0.1, ** P < 0.01, *** 
P < 0.001). n= 3 runs à 10 embryos. Data produced jointly with A. Keck. 
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4.3.2.2 Effects on chorion shape of fathead minnow embryos 
The chorion of the controls and PEG < 4,000 showed no deformations at all during exposure 
to 20 g/L. However, minor to strong effects of PEG ≥ 4,000 on the chorion shape were found 
and rated according to the system described in Table 9. The effects on chorion shape were 
only evaluated for non-coagulated embryos. Detailed tables listing all affected and coagulated 
embryos as well as the deformations of the chorion per run are attached in the Annex of this 
thesis. 
Exposure start from 0 hpf  
With rising molecular size of PEGs, more and especially stronger deformations of the chorion 
were observed throughout exposure period. Only a small percentage (10%) of eggs exposed to 
PEG 4,000 for 24 hours showed effects classified as 1, 1.5 and 2 (each 3.3%). This even de-
creased after 48 and 72 hpf to 3.3% of deformations rated a 0.5. As the embryos of negative 
control, embryos exposed to PEG 4,000 started hatching gradually at 96 hpf. 
PEG 6,000 showed very strong chorion deformations after 24 hpf, of which 66.7% were clas-
sified grade 2, 23.3% grade 2.5 and 10% grade 3. During exposure, the percentage of eggs 
with chorion deformations and the severity of deformations declined. At 48 hpf, no chorion 
was rated a grade 3, however, 10% were rated a grade 1, 20% a 1.5 and 2 and 16.67% a 2.5. 
Steadily, the percentage of eggs showing deformed chorion decreased and hence eggs show-
ing no deformations at all increased from 30% at 48 hpf to 76.67% at 72 hpf. Together with 
the hatched embryos, the eggs with no deformations or very small deformations (grade 0.5 
and 1) were the majority at 96 and 120 hpf. 
Eggs exposed to PEG 8,000 showed very strong deformations of the chorion. Only few eggs 
were rated as normal (3.3%), while the majority was rated a 2.5 (53.3% at 24 hpf) and 3 
(43.3% at 24 hpf). Further exposure revealed a slight shift to less deformed chorions (about 
20% grade 2 at 72 hpf and grade 1 – 2 at 96 hpf). Percentage of hatched embryos stayed in the 
range found in the other treatments, starting from 96 hpf onwards. 
The strongest effects in chorion shape were found in the PEG 12,000 treatment. During the 
first 72 hours of exposure, the majority of the chorions were rated 2.5 (approx.15%) and 3 
(86.7 to 63.3%). Hatching was observed very early, starting with 3.3% hatched embryos at 48 
hpf. However, at the end of the test the percentage of hatched embryos did not differ from the 
other treatments.  
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Figure 32: Percentage of fathead minnow eggs showing chorion deformations exposed from 0 hpf onwards to 
PEG 4,000 – 12,000. Deformation of the chorions was rated according to a scale from 0 (no deformation) to 3 
(very strong deformation) and are given as the mean. n=3 runs à 10 eggs, except for PEG 12,000 at 120 hpf: 2 
runs à 10 eggs, 1 run à 9 eggs. Data produced jointly with A. Keck. 
Exposure start from 24 hpf  
At PEG 4,000, the eggs exposed from 24 hpf onwards revealed almost no deformation. 3.3% 
of the introduced eggs had deformations of grade 2 after 24 h (48 hpf) and grade 1 after 48 
hours (72 hpf). However, majority of eggs (96.7%) showed no change in chorion shape at all 
and at 120 hpf 96.7% of the embryos have hatched.  
Treatment with PEG 6,000 for 24 hours (48 hpf) showed that about 60% of the introduced 
eggs showed no (20%) or only minor deformations rated grade 0.5 and 1 (each 6.7%) and 
grade 1.5 (24.2%). About 40% were found to have strong deformations of the chorion (31.7% 
grade 2; 10.8% grade 2.5). In the course of treatment, the strong deformations of the chorion 
almost disappeared and no (approx. 60%) or very few deformations (grade 0.5 – 1.5) were 
found besides hatched embryos at 72 and 96 hpf. At the end of the test after 96 hours of expo-
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sure (120 hpf), 92.5% of the introduced embryos have hatched while the rest showed no de-
formations. 
Again PEG 12,000 showed the strongest effects on chorion shape of fathead minnow eggs 
(grade 2.5 and 3) until 96 hpf (72 hours exposure). At 120 hpf, the 54.3% of the embryos have 
hatched but the rest still showed strong (3.3% grade 2) and very strong (8.1% grade 2.5 and 
34.3% grade 3) deformations. 
 
Figure 33: Percentage of fathead minnow eggs showing chorion deformations exposed from 24 hpf onwards to 
PEG 4,000 – 12,000. Deformation of the chorions was rated according to a scale from 0 (no deformation) to 3 
(very strong deformation) and are given as the mean. n=3 runs à 10 eggs, except for PEG 6,000: 1 run à 8 eggs; 
PEG 8,000: 1 run à 9 eggs; PEG 12,000: 1 run à 7 eggs. Data produced jointly with A. Keck. 
Exposure start from 48 hpf  
When exposure started at 48 hpf, only 3.3% (= one embryo) exposed to PEG 4,000 showed 
chorion deformations of grade 2 after 24 hours (72 hpf). Until the end of the test, 53.3% of the 
embryos have hatched, whereas the rest of the eggs were normally shaped. 
At 72 hpf, half of the introduced eggs to PEG 6,000 showed no deformations, while the cho-
rions of the other half were deformed mainly to grade 2 (40%). In the course of the test, the 
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percentage of deformed chorions decreased steadily until 120 hpf and up to 83.3% embryos 
hatched. The rest of the introduced embryos showed only slight deformed chorions (at 96 hpf) 
or no deformation of the chorion (at 120 hpf). 
At 72 hpf (24 hours of exposure), about 80% of the eggs exposed to PEG 8,000 showed 
strong deformations rated 2 – 3, which gradually decreased to approximately 20% while the 
amount of hatched embryos and non-deformed chorions rose steadily until 120 hpf. 
Exposure to PEG 12,000 from 48 hpf onwards showed the strongest effects on chorion shape. 
After 24 hours of exposure (72 hpf), 73.3% of the introduced eggs showed deformations eval-
uated grade 3 and 23. 3% grade 2.5. This pattern did not change over the next 48 hours until 
end of test, however, hatching increased at 96 hpf (43.3%) and 120 hpf (53.3%). 
 
Figure 34: Percentage of fathead minnow eggs showing chorion deformations exposed from 48 hpf onwards to 
PEG 4,000 – 12,000. Deformation of the chorions was rated according to a scale from 0 (no deformation) to 3 
(very strong deformation) and are given as the mean. n=3 runs à 10 eggs. Data produced jointly with A. Keck. 
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4.3.3 Discussion 
Analogously to the study with zebrafish embryos described in Chapter I, the osmosis-evoking 
effects of PEG were used to study the permeability of the chorion of fathead minnow embry-
os. The relatively low toxicity found in zebrafish embryos showed differently sized PEGs 
suitable for testing the size-dependent uptake even at very high concentrations.  
High standard deviations throughout the tests indicate differences in sensitivity of the used 
eggs. The quality of fathead minnow eggs is hard to maintain at a high level, due to the differ-
ences in spawning compared to, for example, zebrafish. The fathead minnow is a fractional 
spawner, and the reproductive cycle can be controlled via photoperiod and water temperature 
(Jensen et al., 2001). Females can produce 50 – 100 eggs every 3-5 days (Jensen et al., 2001), 
however such high numbers of eggs clutch size have not been observed in the breeding facili-
ty at the University of Heidelberg. Age, size and condition of females have a major impact on 
reproductive fitness (Gale and Buynak, 1982) and consequently on quality of produced em-
bryos and egg envelopes. Since the used breeding fish derived from a group obtained several 
years ago, the genetic variety in the fathead groups might have been reduced with influences 
in egg envelope quality and embryonic alterations. No specifications on genetics stocks of 
fathead minnow used in the various laboratories are available at all (Ankley and Villeneuve, 
2006). Differences in effects on chorion shape and embryonic development between the dif-
ferent runs might be a consequence due to differences in egg quality. However, all tests con-
ducted were valid according to test guidelines on toxicity, since less than 10% of the embryos 
in the negative control showed effects. Since there is no standardized method to describe the 
chorion properties during a test run, the high standard deviations should be taken as biological 
variability as found in the field. 
Effects on fathead minnow embryos were found throughout the different treatments, although 
the percentage of affected embryos in control groups as well as in treatment groups exposed 
to PEGs ≤ 4,000 Dalton could not be correlated to chorion deformations. At the tested PEG 
concentration of 20 g/L, no effects on chorion shape were found for PEG < 4,000. Rates of 
affected embryos at PEG 4,000 were only slightly elevated compared to baseline effects 
found in control and PEG 2,000 and 3,000. In all treatments with PEGs ≥ 6,000 Da, an in-
crease in number of affected embryos could be found with rising exposure period until the 
end of the test at 120 hpf. The increased percentage of affected embryos exposed to PEG 
6,000 – 12,000 was found to be approximately the same for treatments starting from 0 and 
24 hpf onwards. In treatment with exposure from 48 hpf onwards, this rate was reduced to 
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about 30% of the values found in treatments with exposure starts at 0 or 24 hpf for PEG 6,000 
and 8,000 and to about 50% for PEG 12,000. Within the first 33 hpf the complete organogen-
esis is finalized, so alterations in development might not be as prominent when exposure 
started beyond this time point. 
Nevertheless, a clear correlation of chorion deformations and affected embryos can be drawn 
when regarding the results of this study. An increase in chorion deformation was found with 
rising molecular size of the tested PEGs. The more chorion deformations were found, the 
more affected embryos were observed. The strongest effects on both, chorion and embryonic 
development, was found for PEG 12,000 regardless of exposure start. Hence, when exposure 
started at 48 hpf, the sensitive window for mechanical effects due to chorion deformation 
might have been skipped. On the other hand, the water efflux out of the chorion might also 
influence the water household of the cells. After 48 hpf, the embryonic membranes surround-
ing the embryo have become stronger and more resistant to influences, therefore older embry-
onic stages are assumed to be less sensitive to chemicals than younger stages, which has been 
found for sub-chronic effects in the fathead minnow (Pickering et al., 1996). 
Deformations of the fathead minnow chorion were found subsequently to transfer into the 
PEGs ≥ 4,000 Da solutions. Different severities could be found and were rated with a special 
system. Small deformations were mainly recorded at the adherends which seemed to dent, 
while at prominent to very strong deformations, the chorion dented from all sides of the egg. 
Fathead minnows deposit their adhesive eggs on the surface of spawning substrate (Denny, 
1987) where the hardening process takes place after fertilization in multicellular stage 
(Braunbeck et al., 2005). Hence, the contact area to the substrate or neighboring eggs of the 
initially round egg becomes flat. One egg might have more than one of these flat areas, since 
they also might stick to several neighboring eggs. The chorion of the fathead minnow is a 
strong, quite stiff structure of 10 µm thickness pierced by meandering pore canals (Böhler, 
2012; Manner et al., 1977). It is composed of approximately 20 layers of different orientation 
and it seems like these crossed layers provide the high stability of the chorion. This stability 
was forced to dent by osmotic pressure generated by the high concentration of the PEG solu-
tions the eggs were exposed to. The flat areas seem to be the weakest part of the chorion of 
the fathead minnow, since the deformations always occurred first at these adherends. The 
usually round shape of a fish egg is almost identical to a sphere – hence, tensile stresses inside 
can be distributed uniform in all directions. When internal pressure decreases due to water 
efflux out of the body (= the egg), the middle of flat areas in an otherwise spherical body is 
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not able to re-distribute the pressure from the surrounding areas. Hence the flat areas give in 
first, resulting in dents of different severity, which always start from the middle of the ad-
herends of the fathead minnow eggs. 
For PEGs ≤ 4,000 Da no or only very small chorion deformations were found, indicating an 
uptake across the chorion within several hours. The stability of the chorion might not be the 
key factor for the unchanged chorion shape. Money (1989) stated that at equivalent weights 
the lower molecular weighted PEGs generate a higher osmotic pressure then higher molecular 
weighted PEGs. The osmotic pressure correlates not only to the molecular weight (=size) of 
the solute, but also to the concentration. In relation to the normal shaped eggs exposed to 
PEGs < 4,000 Da, this means that although the generated osmotic pressure was higher than in 
solutions of > 4,000 Da, equilibrium was achieved. This shows a quick reflux of water with 
dissolved PEGs has taken place to balance the internal pressure with no effects on chorion 
shape. However, the stiffness of the chorion might have been beneficial for just “popping” 
back into the normal, more or less round shape.  
At the same time, low osmotic pressure in high MW PEGs (= larger molecules) lead to strong 
deformations of the chorion illustrating the water efflux out of the perivitelline space but no 
process of equilibrium. In all three approaches, the effects on chorion shape increased with 
rising PEG size. However, the severity of chorion deformations decreased when exposure 
started delayed (0 hpf > 24 hpf > 48 hpf). Only the proportions of chorion deformations found 
in PEG 12,000 were found to be the same, no matter when exposure started. Nevertheless, the 
percentage of eggs showing chorion deformations stayed at the same level, especially when 
regarding the actual age of the eggs. The decrease in severity of chorion deformations might 
also arise from the advanced development of only slightly affected embryos. The embryos 
were able to move within the chorion and might have induced a bulging of the dented chori-
ons. Also, permeability of the chorion rises with development (Manner and Muehleman, 
1976; Manner et al., 1977), encompassing hatch. In all treatments hatching was found to be 
very similar and occurred in the range between 72 – 120 hpf. A clear correlation of chorion 
deformations and affected embryos can be drawn when regarding the results of this study. 
Also, a time-dependency was found during each treatment but also between the different start-
ing points in a reduced severity of chorion deformations and a slightly increase in affected 
embryos. When exposure started at 48 hpf, the percentages of chorion deformation and affect-
ed embryos were reduced after 24 hours. However when comparing the percentage of de-
formed chorions at the actual age of the eggs, the differences were marginal. 
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4.4 The permeability of the fathead minnow chorion to fluorescent mi-
crospheres 
4.4.1 Materials and methods 
4.4.1.1 Chemicals 
All chemicals were of highest purity available and purchased from Sigma-Aldrich (Deisenho-
fen, Germany). Tests were performed in 24-well polystyrene plates (TPP, Renner, Dannstadt, 
Germany) covered with self-adhesive foil (Sealing tape SH, 236269, Thermo Fisher Scien-
tific, Waltham, MA) and the lid. 
All test concentrations were prepared in a 1:5 dilution of the OECD dilution water 
(294.0 mg/L CaC2 × 2 H2O; 123.3 mg/L MgSO4 × 7 H2O; 64.7 mg/L NaHCO3; 5.7 mg/L 
KCl) according to TG 236 (OECD, 2013a). Before use, the pH was adjusted to 7.7 ± 0.2. The 
microspheres used are carboxylate-modified and had a size of 0.048 µm (FluoSpheres®; 
F8793; Invitrogen, Life Technologies™ GmbH, Frankfurt, Germany). The test concentration 
was prepared at 0.01% microspheres in 1:5 diluted OECD water. A detailed description and 
characterization of the 0.048 µm microspheres can be found in Chapter II. 
4.4.1.2 Exposure and microscopically evaluation 
Egg production and handling of the eggs were performed as described in Chapter II. Eggs 
were exposed continuously for the time within the chorion ( 24 to 72 hpf). Incubation was 
performed in the dark at 25 ± 1 °C. Exposure was done semi-static, test medium was ex-
changed daily. Before analysis under laser scanning confocal microscopy (LSCM), each egg 
was washed twice for about 5 minutes in 1:5 OECD water to avoid any disturbing external 
signal. Eggs were handled with extreme care to avoid any rapture of the chorion. For anesthe-
sia, each egg was put into a well containing 1 ml of 0.016% tricaine solution (MS-222, ethyl 
3-aminobenzoate methanesulfonate), prepared in 1:5 dilution water. At each time point 4 eggs 
were evaluated. Care was taken to avoid light, therefore, everything was covered by alumi-
num foil, and all the steps in the light were minimized. 
Eggs were transferred within one small drop of tricaine solution into glass bottom culture 
dishes (MatTek Cooperation, Ashland, USA). To avoid any movement during laser scanning 
session, eggs were embedded in 1% low melting agarose (LMA; SeaPlaque® GTG® Agarose, 
FMC Bioproducts, Rockland, USA) prepared in 0.016% tricaine solution.  
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The distribution of the microspheres was analyzed with Laser Scanning Confocal Microscopy 
(LSCM, Nikon 90i; Nikon Instruments, Netherlands) and images were taken with a Nikon C1 
camera (Nikon Instruments, Netherlands). All settings are given in Table 10. Illustration of 
the microsphere distribution was performed using the Nikon imaging software NIS-Elements-
Viewer (Vol. 4.20, Laboratory Imaging, 1991-2013). 
Table 10: Laser and microscope settings for evaluation of fluorescent signal within the chorion 
4.4.2 Results 
To compare the fluorescent signal of the microspheres across the chorion, all images were 
taken with the same settings: laser power was set to 100% and High Voltage (HV) at 12. No 
agglomerations or precipitations of the tested microspheres were found in the medium. 
The fluorescent microspheres were detected all over the chorion surface; however, the distri-
bution pattern was strongly influenced by the characteristics of the fathead minnow chorion. 
Representative optical cross sections (A, C and E) of the eggs revealed irregular distribution 
of the fluorescent signal. Some areas (indicated by arrows in Figure 35 A, C and E) emitted a 
strong and even fluorescent signal, while the rest of the chorion showed a weaker fluorescent 
signal. The three-dimensional images (B, D and F in Figure 35) of the selected cross-sections 
revealed that the strongly fluorescent areas were the adherends of the fathead minnow eggs 
(arrows in Figure 35). The plane area of the adherends can be clearly distinguished from the 
otherwise more or less spherical shape of the egg. Also small projections on the chorion sur-
face like rotifers or bacteria showed a strong fluorescent signal. 
Laser settings Texas Red  
 Emission wavelength:  605.0 nm 
 Excitation wavelength: 543.5 nm 
 Pinhole radius: 60.00 µm 
 Laser power 100% 
  High voltage (HV) 12 
Microscope settings   
 Objective: Plan Fluor 10x DIC L 
 First dichroic mirror:  408/488/543 
 First filter cube:  450/35 
 Second filter cube:  515/30  
    605/75 
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Signals of less intensity were found at the whole surface of the fathead minnow chorions. This 
signal increased with rising exposure period. Whereas almost no signal at the chorion was 
found at 24 hpf (A and B in Figure 35), the signal got stronger at 48 hpf (C and D in Figure 
35) and 72 hpf (E and F in Figure 35). Especially after 48 hpf, the fluorescent molecules were 
evenly distributed all over the chorion surface. 
No evidence of the 0.04 µm carboxylate-modified microspheres was found within the eggs or 
within the embryos at any time point. 
Taking a closer look on the chorion surface where the adherend is located, the differences of 
the chorion structures becomes clear (Figure 36). The round areas of the chorion seemed to be 
smooth and were more or less evenly fluorescent, whereas the adherend were sharply formed 
structures showing a strong signal of fluorescent and areas of single distinct signals. These 
spot-fluorescent signals each represented one microsphere. Agglomerations of microspheres 
in the test medium or precipitations at the chorion were excluded. 
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Figure 35: The distribution pattern of 0.048 µm carboxylate-modified microspheres across the chorion of fathead 
minnow eggs at 24 hpf (A, B), 48 hpf (C, D) and 72 hpf (E, F). The left pictures (A, C, E) show one plane cross 
section of the egg and the right pictures (B, D, F) illustrate the 3D picture of the same eggs (all z-stacks). The 
main fluorescent signal can be found in the adherends of the eggs (arrows) and some fluorescent signal can be 
found across the chorion. However, no fluorescent signal is found within the egg and the embryos. Scale bars in 
A, C and E are 300 µm.  
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Figure 36: Optical cross section of the surface of the chorion of a 24 hpf egg exposed to 0.048 µm microspheres 
showing the adherend. The adherend is not smooth, each distinct fluorescent signal is supposed to represent one 
microsphere. Scale bar: 150 µm. 
4.4.3 Discussion 
Studies on uptake mechanisms of chemicals across the chorion and in the embryo of fathead 
minnows are rare and no general assumption about the uptake can be made. Lindstrom-Seppa 
et al. (1994) showed the incorporation of 3-3’-4-4’-tetrachlorobiphenyl (TCB) into the eggs 
spawned during parental exposure. Similar concentrations inside the eggs as in ovaries of the 
respective exposure treatment were found, indicating a maternal elimination of TCB via oo-
cytes. An uptake of ³H-uridine through and the retention within the chorion was shown by 
Manner and Muehleman (1976). Co-exposure to linear alkyl benzene sulfonate (LAS) de-
creased the uptake which was explained by an influence of the surfactant properties of LAS to 
the chorion membrane. A similar approach with showing the bioaccumulation of methylmer-
cury inside fathead minnow eggs was pursued by Devlin (2006). However all these studies 
homogenized whole eggs without dechorionation and the chemicals might as well be associ-
ated to the chorion without crossing it. No differentiation had been made between the com-
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partments embryo, perivitelline fluid and chorion, which has been shown to be important 
when regarding the real internal concentrations (Brox et al., 2014). 
Laban et al. (2010) tested silver nanoparticles (AgNPs) in fathead minnow embryos, 31 - 
61 nm in size and thus comparable to the size of the applied microspheres in this study. They 
found single and agglomerations of AgNPs on the chorion surface, but also engulfed by a sac 
inside the embryos. They suggest an uptake via diffusion across the pores in the chorion facil-
itated by the accumulation of particles on the chorion surface and a following endocytosis into 
the embryos (Laban et al., 2010). 
So far, this has been the first study implying well-defined, fluorescent microspheres in nano-
scale size to study the uptake across the chorion of fathead minnow eggs. The data presented 
show that exposure to microspheres 0.048 µm in size did not lead to an uptake across the cho-
rion of fathead minnow eggs at an exposure for 24, 48 and 72 hours. A fluorescent signal was 
only detected on the chorion surface and especially at the adherends of the chorion. The cho-
rion of fathead minnows is about 10 µm thick and several pore canals pierce the chorion 
(Böhler, 2012; Manner et al., 1977). Only Böhler (2012) measured the pore sizes of air-dried 
native chorions under light microscopy and estimated the diameter of the outer chorion pores 
to about 0.2 µm. Although these values might not correctly represent the actual pore size due 
to handling of the chorion (stretching on the slides, drying), it gives an idea about the pore 
diameter exceeding the diameter of the applied microspheres. Actually, the pore size might 
not be limiting factor for an uptake across the chorion. 
Egg production in fathead minnows starts at the age of about 4-5 months (Jensen et al., 2001; 
Leino et al., 2005). Under the influence of estrogens, the female produces in its liver vitello-
genin which accumulates in the maturing oocyte as the yolk. The proteins to form the egg 
envelope derive from the follicular epithelium or the oocyte itself (Guraya, 1986). Since these 
chorion-forming proteins, also called zona radiata (zr-) proteins, are found to be homologous 
to mammalian zona pellucida proteins (Del Giacco et al., 2000; Murata, 2003; Wang and 
Gong, 1999) and are clearly conserved among teleostean fish (Arukwe and Goksoyr, 2003), 
they might also certainly be part of the fathead minnow chorion. In histopathological studies, 
the chorion is usually pale to dark eosinophilic and refractive when treated with hematoxylin 
and eosin (US EPA, 2006), indicating positively charged proteins and polysaccharides. The 
positively charged surface might bind the carboxylate surface of the microspheres, leading to 
an accumulation of the fluorescent beads. However, binding is supposed to be less strongly 
than by hydrophobic microspheres and coupling has to be supported by reagents (Invitrogen, 
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2004). Contrarily, different authors suggest that in particular the chorions of several teleost 
fish act as a sink for metals and anionic charged groups of the chorion proteins are responsible 
for this binding (Beattie and Pascoe, 1978; Michibata, 1981; Ozoh, 1980; Stouthart et al., 
1996). In zebrafish chorion, Pullela et al. (2006) detected thiol-rich proteins in the chorion via 
DSSA probes, confirming the assumptions. 
Since the fluorescent signal of the chorion is scarce compared to the fluorescent signal of the 
adherends, the binding by the chorion itself might not be very strong. A similar distribution 
pattern was found by Böhler (2012) who showed an accumulation of 2,7-dichlorofluorescein 
at the adherends, but no signal in the chorion or in the embryo at 48 and 72 hpf after 24 hours 
of exposure. The adherends seem to possess a stronger binding affinity caused by a different 
molecular composition than the rest of the chorion. During oogenesis, the oocyte forms within 
follicular vesicles, with components produced by the liver and transported via blood vessels. 
In cortical alveolus oocytes the zona radiata becomes visible and is thickening during matura-
tion of the oocyte (Leino et al., 2005; US EPA, 2006). The follicle epithelium does not form 
different areas of the chorion per se, so the adherends do not form until the chorion is attached 
to submerged objects or neighboring eggs and hardened. Despite extensive literature research, 
no other study could be found to confirm this assumption and there is an immense lack of 
knowledge of the exact chorion composition and especially of the differences of the ad-
herends to the rest of the fathead minnow chorion. Only a small image section of the ultra-
structure of the adherend of the fathead minnow chorion was found in chapter 3 (image 3.8) 
of the master thesis by Lillicrap (2010). Next to a SEM image of a whole 4 hpf egg, the sur-
face of an egg showing a plane area, with a smooth surface, but a roughened outer edge. 
Compared to the other normally round surface of the egg, the plane and the edge of the plane 
area might possess different structural properties. They seemed not as smooth and unstruc-
tured as the rest of the surface. The plane area seemed to be covered with scratches, while the 
edge appeared fringed. These structural differences illustrated by SEM micrographs, support 
the assumption gained by the differences in distribution pattern of the 0.048 nm microspheres. 
4.5 Conclusions 
Fathead minnow eggs are surrounded by a strong, 10 µm thick chorion. The egg shape is not 
perfectly spherical, since the adhesive eggs stick to the spawning substrate and neighboring 
eggs, leading to flat areas, the adherends. In this chapter, the uptake across the fathead min-
now chorion was investigated following two experimental approaches:  
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(1) The critical molecular size was determined by evoking effects similar to osmosis. PEGs 
< 4,000 Da were able to cross the chorion since no chorion deformations were found when 
exposed to high solute strength, although the osmotic pressure generated by small molecular 
sized PEGs is supposed to be higher than the ones generated by larger molecular sized PEGs. 
PEG 4,000 showed slight deformations of the chorion; however, these effects were marginal, 
indicating a critical size for polymers to cross the chorion of fathead minnows to be approxi-
mately 4,000 Dalton. Throughout exposure, no changes in chorion deformations were found 
at PEG 12,000, while the severity of chorion deformations at PEG 6,000 and 8,000 decreased. 
This is supposed be a combination of an increase in chorion permeability and the moving em-
bryo inside the chorion. 
(2) Fluorescent microspheres, 0.048 µm in size, were applied to freshly spawned eggs. No 
uptake across the chorion could be illustrated. Fluorescent microscopy revealed a strong ac-
cumulation of microspheres at the adherends of the chorion, at which they were glued to 
neighboring eggs or the spawning substrate. Different assumptions about the chorion proper-
ties of teleost fish have been made. On the one hand, the chorion is stained by the negatively 
charged eosin, indicating positive structures. On the other hand, some authors suggest nega-
tively charged chorion proteins, since the chorion has repeatedly been shown to accumulate 
positively charged metals. 
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5. Potential of the fish embryo toxicity test (FET) to detect the 
varying toxicities of highly reactive substances 
5.1 Abstract 
Hair coloring has been carried out for more than 2000 years using various natural dyes such 
as vegetable-/plant-based colors, minerals or animal-borne substances. To provide a long-
lasting hair color, oxidative hair dyes have been developed which contain highly reactive 
molecules: dye precursors, i.e. a combination of primary intermediates and couplers, and oxi-
dants. The final hair color forms upon mixture of the components directly in the hair fiber. 
Side effects of these reactive molecules have been studied with regards to consumer safety 
and health. Environmental safety assessments have been built up on the knowledge of ecotox-
icity of the precursors, couplers and their relevant metabolites. These reactive components can 
be oxidized by oxygen from the medium, i.e. water or air. The effects of this auto-oxidation as 
a time-dependent phenomenon was investigated for the most commonly used hair dye precur-
sors, the primary intermediates para-phenylenediamine (PPD) and toluene-2,5-diamine sul-
fate (PTD) as well as for the newly developed 2-methoxymethyl-para-phenylenediamine 
(MBB) in zebrafish embryos. Additionally, the modulation of toxicity by the well-known 
scavenger ascorbic acid has been elucidated.  
Overall, the three precursors showed dose-dependent effects in zebrafish embryos, the higher 
the tested concentration of the precursors, the higher the percentage of affected embryos. Dif-
ferences in toxicity were found between the different ages of stock solutions. The most toxic 
aged stock solution were found to be 16 hours for PPD (LC50 = 0.92 mg/L), 8 hours for PTD 
(LC50 = 0.45 mg/L) and 16 hours for MBB (LC50 = 4 mg/L). In all experiments with the 
amendment of 0.04% ascorbic acid, the toxicity was strongly reduced, indicating that ascorbic 
acid is able to prevent the auto-oxidation and further reactions of the precursor molecules by 
reacting with oxygen and/or radical oxygen species (ROS) produced during oxidation of pre-
cursors. Hence it can be concluded that the toxicity of the three precursors is strongly depend-
ent on the formation of free radicals and also on the different products formed by auto-
oxidation and further reactions (i.e. self-coupling). 
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5.2 Introduction 
Hair is one of the unique features of mammals, and in humans there are three different hair 
types: the fine and straight to slightly curly Caucasian hair with a nearly circular cross section, 
the coarse and straight to wavy Mongolian hair with a quite similarly shaped cross section, 
and the coarse and wavy to wooly Ethiopian hair with a slightly oval cross section (Morel and 
Christie, 2011). The hair grows from elongated sacs in the epidermis, the follicles. Near in the 
center of the bulb, the dermal papilla is found which is involved in growth functions. A basal 
layer of cells surrounds the papilla and produce the hair cells. The hair fiber is composed of 
dead skin cells with keratin as the main component produced by keratinocytes in the epithelial 
tissue. Blood vessels leading to the papilla nourish the growing hair fiber. The hair fiber can 
be divided into the cuticle, the cortex, the cell membrane complex (CMC) and the medulla in 
the center of the hair. 
The cuticle is the outer part of the hair and regulates the amount of water inside the hair fiber. 
Cuticle damage is usually due to weathering or mechanical damages caused by e.g. brushing, 
excessive use of shampoo and inappropriate treatments. The cuticle consists of flat overlap-
ping cells (scales) surrounding the central fiber core (see Figure 37). These cells form 6-10 
layers and the edges of the scales run circumferentially around the fiber attached to the root 
and pointing to the tip of the hair. Each cuticle cell contains a thin outer membrane, the F-
layer or epicuticle, which is formed by a layer of fatty acids linked to a protein layer through 
thioester linkage to cysteine residues (Morel and Christie, 2011). This makes the hair fiber 
hydrophobic and is important for the hair dyeing process. Beneath the F-layer, three other 
layers can be found: the A-layer (120 nm), high in cysteine content and strongly cross-linked, 
the B-layer (exocuticle) also rich in cysteine and the endocuticle, with low cysteine but rela-
tively high levels of dibasic and diacidic amino acids (Morel and Christie, 2011).  
The major part of the hair is the cortex, formed by 1-6 µm thick and about 20 – 100 µm long 
cells and intercellular binding material (Randebrook, 1964). Compared to the cuticle, the cor-
tex is richer in cysteine, diacidic amino acids, lysine and histidine. The cells contain pigment 
granules, nuclear remnants and bear pronounced substructure, the macrofibrils composed of 
intermediate filaments (IFs) or microfibrils, which are embedded in the less structured matrix 
(see Figure 37). The IFs contain precise arrays of low-sulfur proteins with coiled sections (α-
helical form = α-keratin). The largest subunit of the cortex is the matrix, which contains the 
highest concentration of disulfide bonds and contributes significantly to the swelling behavior 
of the hair (Morel and Christie, 2011). Also melanin is found in the cortex, which gives the 
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hair its natural color and serves as photo-protection. Only hairs with large cross section have a 
third structure, the medulla. The medulla is the inner region and can be empty or filled with 
sponge keratin, can serve as a pigment reservoir and can contribute to the brightness of the 
hair. It has a very high lipid concentration. Between the cuticle and cortex cells, the cell 
membrane complex can be found, which link these two cell layers. It is composed of polysac-
charides, proteins and ceramides and commonly a low level of sulfur-containing amino acids 
(da França et al., 2015; Morel and Christie, 2011). Its outer lipid layer forms the epicuticle, 
while its inner lipid layer is the intercellular cement (Figure 37), connecting the cells. 
 
Figure 37: Structure of the human hair. The outer cell layer is formed by overlapping cuticle cells, which are 
composed by the epicuticle, the A-layer, exo- and endocuticle. The cuticle cells surround the cortex. Corticle 
cells contain pigment granula and nuclear remnants. Their substructures are: macrofibrils composed of interme-
diate filaments (IF) and the matrix. The further substructures of the IF are coiled coil proteins formed by α-
keratin. Scheme taken from Morel and Christie (2011) 
Hair coloring has been carried out for more than 2000 years using various natural dyes such 
as vegetables/plant based colors, minerals or animal substances. There are three ways to mod-
ify the hair color: (1) bleaching to get lighter hair color, (2) adding artificial color to the hair 
or (3) a combination of both. Hair dyes can be divided based on their coloring mechanism 
into two main categories: oxidative or non-oxidative dyes and can be further classified based 
on their color duration in the hair into: temporary dyes or color rinses; semi-permanent dyes; 
and permanent (oxidative) dyes. Temporary and semi-permanent hair dyes contain direct 
Chapter V 
 
116 
dyes, i.e. colorful molecules, which will interact with the cuticle of the hair. They are not 
transformed into other dyes or shades of dyes and to achieve differentiated shade of the hair 
color, four to five dyes are mixed (Robbins, 2012). They do not (temporary) or only slightly 
(semi-permanent) penetrate into the cortex of the hair (Corbett, 1973; da França et al., 2015). 
Temporary dyes are composed of acid dyes characterized by anionic properties and are care-
fully selected to allow a maximum of water solubility and a minimum of penetration. Appli-
cation can be singly or continuously (progressive) via shampoo, gel emulsion or solution. The 
color coats the hair surface without penetrating the cuticle, hence the temporary dye is easily 
washed out of the hair after a single shampoo (da França et al., 2015; Robbins, 2012).  
Semi-permanent dyes are commonly cationic molecules of a low molecular weight and with 
high affinity to hair keratin. Small hair dyes might slip in the hair cortex and often a high pH 
value promoted opening of the cortex for a better penetration of the hair dye. The hair color is 
applied as lotion, shampoo, mousse and emulsion and has to be applied to the hair for 10 – 40 
minutes (Corbett, 1976; da França et al., 2015). The color last for three to six washes and in 
case oxidative precursors and hydrogen peroxide is included for up to 20 washes (demi-
permanent dyes). Other dyes such as plant-based dyes, e.g. henna and chamomile flowers, or 
metal salts, e.g. lead, silver salts and bismuth, are also categorized as semi-permanent hair 
dyes (Corbett, 1976; Nohynek et al., 2010; Robbins, 2012). 
Permanent or oxidative hair dyes are the most common used hair dyes and have a market 
share in the EU or the US of about 80% (Corbett, 1999). They offer a wide spectrum of color 
shades, which can lighten the hair up to three levels, change the color subtle or dramatic, and 
provide a long-lasting hair color and 100% gray coverage (Draelos, 2005; P&G, 2015). The 
process of oxidative hair color is based on an observation made by Hofmann (1863) that the 
colorless para-phenylenediamine (PPD) produces brown shades on a variety of substrates 
when an oxidizing agent, including atmospheric oxygen, is available. This exact process still 
holds true for modern hair color formulations. The color formation happens upon mixture of 
the required components directly in the hair fiber. 
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The first component is the primary intermediate, also referred to as oxidation base or devel-
oper, which is commonly para-diamine or para-aminophenol and occasionally their ortho 
isomers (Corbett, 1973; Corbett, 1999). These hydroxy- or amino- groups in para or ortho 
position serve as electron donors and the primary intermediates include p-aminophenol and its 
derivatives as well as the compounds tested in this thesis, para-phenylenediamine (PPD), tol-
uene-2,5-diamine sulfate (PTD) and 2-methoxymethyl-para-phenylenediamine (MBB). 
The second component is the coupler, an aromatic compound with two electron donor groups 
(-NH2 or -OH) arranged in meta position. These couplers do not produce significant color 
when oxidized alone, however in combination with primary intermediates a variety of color 
shades are possible (Corbett, 1999). Couplers include m-phenylenediamine, m-aminophenol 
resorcinol, naphthols and their derivatives. 
The third component is the oxidant, which is almost exclusively hydrogen peroxide, added 
with an alkali, usually ammonia or an ammonia substitute such as monoethanolamine (MEA). 
The alkalizing agent is required to promote the pH value at which the oxidation of the precur-
sors can take place. These reactions are usually carried out at a pH from 8 to 10 (Robbins, 
2012). Additionally, alkalizing agents help to swell the hair fiber, making it easier for the pre-
cursors to diffuse into the hair (P&G, 2015). MEA is not able to completely oxidize natural 
hair pigments, such as melanin, thus products containing MEA are used to dye hair in similar 
or darker shades of the natural hair color (da França et al., 2015). To remove melanin, ammo-
nia is used for achieving a lighter hair color. The bleaching process by ammonia takes place 
in combination with the oxidant, hydrogen peroxide and the natural hair pigment is dispersed 
and solubilized. 
As illustrated in Figure 38 for PPD, the second and main purpose of the oxidant however, is 
the oxidation of the primary intermediates to produce benzoquinonediimine or monoamine 
which further react with present couplers (Corbett, 1999; Morel and Christie, 2011). The pro-
duced dimers, such as diphenylamine or leuco-dye (see Figure 38, pathway A), can be further 
oxidized to brightly colored binuclear indo dye or with the suitable coupler to trinuclear or 
polynuclear compounds (Corbett, 1999; Morel and Christie, 2011; Robbins, 2012). Although 
hydrogen peroxide is the oxidative agent of choice for oxidative hair dyeing, the processes of 
auto-oxidation (the oxidation by oxygen in air) can be used for oxidization of the precursors 
to form the desired hair color (Morel and Christie, 2011; Robbins, 2012).  
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Figure 38: Reaction scheme of the oxidation of para-phenylenediamine (PPD) by hydrogen peroxide (H2O2) and 
possible coupling processes. Pathway A: In a first oxidation of PPD, quinonediimine (QDI) is formed which 
further reacts with a present coupler (here: resorcinol) to form a colorless dimer (leuco-dye). In further oxidative 
coupling reactions, trinuclear (here indoaniline dye) or polynuclear compounds are formed, resulting in the de-
sired color range. Pathway B: in the absence of couplers, PPD is able to form Bandrowski’s base as a result of 
self-coupling, oxidized by hydrogen peroxide. Scheme taken from Nohynek et al. (2004), adopted from Spengler 
and Bracher (1990). 
The variety of possible hair colors and shades is achieved by a careful choice of the used ba-
ses and couplers, their ratio and competing reactions inside the hair fiber (da França et al., 
2015; P&G, 2015). This is influenced by the total concentration of the various precursors, the 
pH and the diffusion rates (Morel and Christie, 2011). Especially the coupler selection seems 
to be a critical point in hair dye formulations, since the substitution pattern of the precursors 
as well as their oxidative products can be important for their reactivity and the final color 
(Morel and Christie, 2011). The clue of oxidative hair color is that the precursors are very 
small molecules, able to penetrate into the cortex of the hair. The oxidation and subsequent 
dimer and trimer formation due to coupling reactions takes place inside the hair and these 
formed molecules are bigger and hence trapped inside the cortex (da França et al., 2015; 
P&G, 2015; Robbins, 2012). Also the charge of the final products leads to binding to the 
keratin of the hair. In hair dye formulations, a slightly acid conditioner is used for the re-
attachment of the cuticle layer, to restore the outer f-layer, reduce hair fiber damage and lead 
to a nice hair feel (P&G, 2015). 
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One of the most often used primary intermediates are para-phenylenediamine (PPD) and re-
lated hair dye components, such as toluene-2,5-diamine (PTD) and its sulfate. For PPD and, 
to a lesser extent also for PTD, a variety of relevant oxidation products as well as their for-
mation conditions are documented in literature (e.g. Corbett, 1972; 1999; Dolinsky and 
Wilson, 1968; Robbins, 2012) and have been summarized by Meyer and Fischer (2015). Due 
to their structural und electronic relationship to PPD (see Figure 39), comparable reactivity 
can be expected for PTD and MBB, varying from PPD by an additional methyl group (PTD) 
or methoxymethyl group (MBB). Nonetheless, these additional groups might influence the 
reaction and hence the resulting coupling products.  
 
Figure 39: Structural formula of para-phenylenediamine (PPD), toluene-2,5-diamine sulfate (PTD) and 2-
methoxymethyl-p-phenylenediamine (MBB) to illustrate the structural relationship of the three precursor mole-
cules. PTD differs from PPD by an additional methyl group, while MBB is substituted by an additional meth-
oxy-methyl group. Formulas illustrated using PerkinElmer, ChemDraw Professional 15.0 (1998-2015 Perki-
nElmer Informatics, Inc.). 
The potential of PPD and PTD to cause and elicit contact allergies and skin sensitizing has 
been confirmed by numerous animal and human studies (e.g. Diepgen et al., 2016; Picardo et 
al., 1992; SCCP, 2006, 2007; White et al., 2006; Young et al., 2016). The allergic potential is 
most likely due to the formation of oxidized products caused by oxidation via air exposure 
(Aeby et al., 2009). Especially the auto-oxidation of PPD in the absence of couplers (see 
pathway B in Figure 38) results in the formation of the mutagenic compound Bandrowski’s 
base (Altman and Rieger, 1968; Corbett, 1972; Heilingötter, 1968), which is believed to be 
the driving force to cause contact allergies. Hence the developing of new dye precursors is an 
intensive field in cosmetic research. Only recently, the coupler MBB was developed by 
Procter and Gamble and is believed to promise a combination of excellent permanent color 
performance with a reduced risk of developing allergies (Blömeke et al., 2015; Goebel et al., 
2014; SCCS, 2013). 
In Europe, the regulatory framework for cosmetic products is the Regulation (EC) 1223/2009 
(EU, 2009), replacing the Directive 76/768/EC (EU, 1976) which was adopted in 1976. In the 
process of registration and submission of personal products, the primary intermediates, cou-
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plers as well as their relevant metabolites and final products need to be evaluated for consum-
er safety according to the guidance document SCCS/1564/15 by the Scientific Committee on 
Consumer Safety (SCCS, 2016). However, this only concerns testing to provide facts on hu-
man safety. Environmental safety assessments have been built up on the knowledge of eco-
toxicity of the precursors, couplers and their relevant metabolites, which have to be registered 
and authorized according to EC 1907/2009 (EC, 2007). These data can be found in the regis-
tration dossier of the respective chemical, which is accessible via the homepage of the Euro-
pean Chemicals Agency (ECHA, http://echa.europa.eu/). Traditionally, the ecotoxicology to 
aquatic organisms are performed in standard toxicity tests in fish (e.g. rainbow trout, zebrafish 
and fathead minnow), invertebrates (e.g. daphnids, chironomids) and algae (e.g. green algae). 
Ethical concerns and animal welfare restrictions require the development of non-animal test-
ing strategies. To replace the acute toxicity tests with fish, e.g. OECD TG 203 (OECD, 1992), 
the use of fish embryos, especially zebrafish Danio rerio embryos (Busquet et al., 2014; 
Lange et al., 1995; Nagel, 2002) have been proposed as a suitable alternative and the guide-
line 236 “Fish Embryo Acute Toxicity Test (FET)” for the testing of chemicals (OECD, 
2013a) has been assembled. Previously, Belanger et al. (2013) have well established the rela-
tionship between FET and classical acute fish toxicity in vivo including some oxidative dyes. 
In this study, zebrafish embryos were used to understand the age-dependent toxicity of PPD, 
PTD and MBB, and to elucidate the influences of air- and waterborne oxygen on toxicity. For 
this purpose, the stock solutions of the precursors were aged for time periods of 1, 4, 8, 16, 
24, 48 and 72 hours before initiating the exposure. Thus, the impact of the oxidized products 
and metabolites formed in the absence of developer (oxidation bases) to zebrafish embryo 
toxicity can be investigated.  
To provide additional information on the mechanisms driving the toxicity and especially 
whether it is solely driven by the reactivity of the three precursors to air- and waterborne oxy-
gen, the aged stock solutions were combined with a well-known scavenger, ascorbic acid. 
Ascorbic acid (AA), also known as vitamin C, is naturally occurring in fruits and vegetables 
and its deficiency is linked to scurvy in humans. After its discovery in the late 1920s by Al-
bert von Szent Györgyi, vitamin C became one of the most celebrated nutrient supplements 
known to effectively scavenge free radicals and reactive oxygen species (ROS). AA is an ex-
cellent electron donator, stabilizing free radicals inside and outside the cells and thus quench-
ing their reactivity (Bendich, 1990; Bindhumol et al., 2003). These antioxidant properties 
have made ascorbic acid an important additive and active ingredient in food and cosmetics 
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(Arrigoni and De Tullio, 2002; Balaguer et al., 2008; Bendich et al., 1986; Frankel, 1996; 
Raschke et al., 2004). AA was added to the FET medium before aging of stock solution was 
performed. By this, the auto-oxidation of the precursors and consequently the formation of 
ROS or other radicals or at least their availability might be decreased. 
5.3 Material and methods 
5.3.1 Chemicals 
All chemicals were purchased from Sigma Aldrich (Deisenhofen, Germany) at the highest 
purity available, unless noted differently. Dilution water (294.0 mg/L CaC2 × 2 H2O; 
123.3 mg/L MgSO4 × 7 H2O; 64.7 mg/L NaHCO3; 5.7 mg/L KCl) was prepared according to 
OECD Test Guideline 203 (OECD, 1992), pH was adjusted to 7.7 ± 0.2. All stock solutions 
and test solutions as well as the positive control 3,4-dichloroaniline (CAS 95-76-1) and ascor-
bic acid (CAS 50-81-7) were prepared in dilution water. 
The aromatic amine precursors p-phenylenediamine (PPD; CAS 106-50-3), toluene-2,5-
diamine sulfate (PTD; CAS 615-50-9) and 2-methoxymethyl-p-phenylenediamine (MBB; 
CAS 337-906-36-2) were provided by Procter & Gamble (Cincinnati OH, USA). The analyti-
cal purity of PPD was 100% (HPLC; QS-Laboratory A. Sauer). Analytical purity of the used 
PTD batch was 99.9% at 254 nm (HPLC, Procter & Gamble, Hünfeld, Germany), with 
54.0 weight% calculated as free base and 97.4 weight% calculated as sulfate (by Spectral Ser-
vice, Köln. Study No. SSL03511). The analytical purity of MBB was determined to be 
100.0% by H-NMR (spectral service, Köln. Study No. WLD24148). Details on the different 
chemical names, trade names, structures and properties are listed in Table 11. All test materi-
als were stored in glass vessels in the dark under vacuum at room temperature. Handling of 
open vessels was kept to a minimum to avoid oxidation by air before testing. 
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Table 11: Chemical names, structures and properties of the tested hair dye precursors PPD, PTD sulfate and 
MBB. Structural formula illustrated using PerkinElmer, ChemDraw Professional 15.0 (1998-2015 PerkinElmer 
Informatics, Inc.). 
5.3.2 Zebrafish maintenance and egg production 
Wild-type zebrafish (Westaquarium strain) derived from own stock facilities at the University 
of Heidelberg were kept under conditions described in detail by Lammer et al. (2009). Breed-
ing conditions were as follows: oxygen contents ≥ 90%; water temperature 26.0 ± 1.0 °C, pH 
8.0 ± 0.2, conductivity 600 – 800 µS/cm; ammonia < 5 mg/L, nitrite < 1 mg/L; nitrate < 25 
mg/L, 13 – 16 °dH (214.5 – 286 mg/L CaCO3) total water hardness and a photo period of 16 h 
light – 8 h dark. Fish maintenance and egg production have repeatedly been described in de-
tail (Kimmel et al., 1995; Nagel, 2002; Spence et al., 2008) and have been updated for the 
purpose of the zebrafish embryo acute toxicity test (Lammer et al., 2009). Egg production was 
 PPD PTD (sulfate) MBB 
INCI name p-Phenylenediamine Toluene-2,5-diamine  sulfate 
2-Methoxymethyl-p-
phenylenediamine 
Chemical 
names 
1,4-Diaminobenzene;  
para-Benzenediamine; 
1,4-Benzenediamine;  
para-Aminoaniline; 
4-Aminoaniline;  
para-Diaminobenzene 
2,5-Diaminotoluene sul-
fate; 
2-Methyl-p-phenylene-
diamine sulfate; 
p-Toluenediamine sulfate; 
p-Toluylenediamine sul-
fate; 
1,4-Benzenediamine,2-
(methoxymethyl);  
2-(Methoxymethyl)ben-
zene-1,4-diamine;  
1,4-Diamino-2-
methoxymethyl-benzene 
Trade names PPD Rodol; Colorex; Jarocol MBB; ME+ 
CAS no. 106-50-3 615-50-9 (sulfate 1:1) 337906-36-2 
Structural 
formula 
 
  
Empirical 
formula C6H8N2 C7H10N2 × H2SO4 C8H12N2O 
Mol weight 108.15 g/mol 218.23 g/mol 122.19 g/mol (PTD only) 152.2 g/mol 
Appearance beige to light brown crys-talline powder 
slightly reddish, fine-
crystalline powder 
slightly brownish, crystal-
line powder 
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performed via spawning groups as recommended by the OECD TG 236 (OECD, 2013a) with 
modifications according to Sessa et al. (2008). 
5.3.3 Acute toxicity in the zebrafish embryo test (FET) 
All tests were performed according to the OECD TG 236 – Fish Embryo Acute Toxicity 
Test” (FET) (OECD, 2013a). Dilution water was used as a negative control (both internal 
plate controls and external negative control), 4 mg/L 3,4-dichloroaniline prepared in dilution 
water served as a positive control. 
The FET was conducted in 24-well polystyrene plate (TPP, Renner, Dannstadt, Germany), 
which had been pre-incubated for 24 h prior to the test start with the respective test concentra-
tions. The 24-well plates were covered with self-adhesive foil (Sealing tape SH, 236269, 
Thermo Fisher Scientific, Waltham, MA) and the lid and incubated at 26.0 ± 1 °C. Photoperi-
od was 14 h light – 10 h dark. Exposure was semi-static with daily exchanges of the entire 
volume of the test solutions after assessment of changes in embryonic development. 
Only egg batches with a fertilization rate ≥ 80% were used. A test was considered valid, if a 
mortality rate of ≤ 10% in the negative control (plus ascorbic acid or humic acids control) and 
≥ 30% in the positive control could be observed at the end of the test. In case of two controls 
during a test run, both were included in ToxRat® analysis. Embryos were examined after 24, 
48, 72 and 97 hours post fertilization (hpf) for the following lethal effects: non-detachment of 
the tail, non-formation of the somites, coagulation and, from 48 hpf onwards, lack of heart-
beat. Besides lethal effects, every aberration in normal development (e.g. edema formation, 
underdevelopment, reduction or lack of blood circulation) was recorded according to 
Bachmann (2002) and Nagel (2002). 
5.3.4 Preparation of test solutions 
During the entire experiment, the PPD, PTD and MBB stock solutions were prepared daily by 
direct dissolving in dilution water at a concentration of 40 mg/L. During the aging experi-
ments, the stock solutions were protected from light by aluminum foil and kept at room tem-
perature. Solutions were mildly agitated until usage for the preparation of the final test con-
centrations. The time period until use of the final test solutions was equivalent to the desired 
period of aging of the stock solutions, namely <1 h, 4 h, 8 h, 16 h, 24 h, 48 h or 72 h. Before 
preparing of the final test concentrations, the pH of the stock solution was checked, but no 
adjustment had to be made for the FET (pH 7.7 ± 0.3). Nominal final PTD and PPD test con-
centrations can be found in Table 12.  
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5.3.5 Supplementation of the test solutions by ascorbic acid 
In order to prevent auto-oxidation, the stock solutions were supplemented by addition of 
400 mg/L ascorbic acid (AA) in dilution water. Stock solutions were prepared as described 
above and aged in the presence of ascorbic acid.  
In addition, a 4 g/L AA stock solution was prepared by direct solution in dilution water for 
supplementation of the different test concentrations to arrive at identical final concentration of 
0.04% AA. AA stock solutions were protected from light by aluminum foil and stored at 
room temperature. The pH of the AA stock solution was adjusted to 7.7 and checked prior 
use. Since AA stock solutions were found to be stable, they were used for up to 3 months. 
After appropriate periods of aging, pH of the stock solutions plus AA were adjusted with 1 M 
NaOH in Aqua bidest. from pH 3 to 7.7 ± 0.1. All final test concentrations were checked and 
adjusted if necessary. The final nominal test concentrations of PPD, PTD and MBB supple-
mented by 0.04% AA are listed in Table 12. In addition to normal negative and positive con-
trols, an ascorbic acid control at 0.04% was run 
5.3.6 Statistical analysis 
At the end of the test at 96 hpf, the LC50 (concentration at which 50% of the exposed embryos 
showed lethal effects) and the EC50 (concentration at which 50% of the exposed embryos 
showed lethal and sublethal effects) values were calculated using ToxRat® version 2.10 probit 
analysis using linear maximum likelihood regression. Cumulative mortalities of zebrafish 
exposed to PPD, PTD and MBB were illustrated with SigmaPlot 12.0 (Systat Software, San 
Jose, CA). 
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Table 12: All concentrations of the tested PPD, PTD and MBB solutions, their aging process, the amendments 
with ascorbic acid (AA), the stock solutions and the final concentrations tested in the FET with zebrafish embry-
os. All concentrations are nominal concentrations. 
  
 Age of stock 
solution 
Nominal concentrations (mg/L) 
 stock solution test solutions 
PPD 1 hour# 40 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8 
 4 hours 40 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8  
 8 hours 40 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8  
 16 hours 40 0.125, 0.25, 0.5, 1, 2, 4, 8  
 24 hours 40 0.125, 0.25, 0.5, 1, 2, 4, 8  
plus 0.04% AA 1 hour 100 0.5, 1, 2, 4, 8, 16, 32  
PTD 1 hour 40 0.0625, 0.125, 0.25, 0.5, 1, 2 
 4 hours 40 0.25, 0.5, 1, 2, 4, 8  
 8 hours 40 0.25, 0.5, 1, 2, 4, 8  
 16 hours 40 0.0625, 0.125, 0.25, 0.5, 1, 2, 4  
 24 hours 40 0.0625, 0.125, 0.25, 0.5, 1, 2, 4  
 48 hours 40 0.5, 1, 2, 4, 8, 16  
 72 hours 40 0.5, 1, 2, 4, 8, 16  
plus 0.04% AA 1 hour 40 0.0625, 0.125, 0.25, 0.5, 1, 2  
 4 hours 40 0.5, 1, 2, 4, 8, 16  
 8 hours 40 0.5, 1, 2, 4, 8, 16 
 16 hours 40 0.5, 1, 2, 4, 8, 16  
MBB 1 hour 100 1, 2, 4, 8, 16, 32, 64  
 4 hours 100 1, 2, 4, 8, 16, 32, 64  
 8 hours 100 1, 2, 4, 8, 16, 32, 64  
 16 hours 100 1, 2, 4, 8, 16, 32, 64  
 24 hours 100 1, 2, 4, 8, 16, 32, 64  
 48 hours 100 1, 2, 4, 8, 16, 32, 64  
plus 0.04% AA 1 hour 100 1, 2, 4, 8, 16, 32, 64  
# test was performed in complete darkness 
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5.4 Results 
5.4.1 Age-dependent toxicity of PPD, PTD and MBB in zebrafish embryos at 96 hpf    
Freshly prepared PTD stock solutions were first clear, but turned brownish-red within 1 hour. 
This effect was also observed with PPD stock solutions, as they were clear with a slight hint 
of pink and turned brownish-red within 1 hour. PTD and PPD stock solutions turned dark 
brown at ages ≥ 4 hours. Freshly prepared MBB stock solutions were clear but turned brown-
ish after a couple of hours. Also, as the solution turned older, a brownish adsorption on the 
glass bottle and on the magnetic stir bar was observed.  
All FETs were valid, since mortality in negative controls were < 10%, total hardness was 13 – 
16 °dH, test temperature was 26 ± 1 °C and dissolved oxygen never fell below 80%. Deter-
mined pH values of the different test concentrations ranged between 7.5 ± 0.2 for PPD and 
7.7 ± 0.2 for PPD + AA; 7.6 ± 0.2 for PTD, 7.3 ± 0.6 for PTD +AA; 7.7 ± 0.1 for MBB and 
7.6 ± 0.2 MBB +AA. 
All three hair dye precursors showed coagulation-based mortalities of zebrafish embryos from 
24 hpf onwards. The mortality rate in each of the test runs did not rise with increasing expo-
sure period. Hence, only the results at the end of the test at 96 hpf are illustrated and described 
further. Clear dose-dependent increases in toxicity were found in all test runs. The main toxic 
effect was coagulation of embryos. 
P-Phenylenediamine (PPD)While the dose-related curves of PPD solutions aged for 16 and 
24 h showed a very steep increase in toxicity at 96 hpf, the curves for PPD solutions aged for 
≤ 8 h displayed a more sigmoidal shape (Figure 40). Independent of stock solution aging pro-
cesses, 100% of the zebrafish embryos were coagulated at 4 and 8 mg/L PPD. In contrast, 
mortalities at 1 mg/L and 2 mg/L PPD varied with aging: whereas 75, 40, 45 and 30% of the 
embryos were lethally affected by 2 mg/L PPD aged for 1, 4, 8 and 24 h, respectively, all em-
bryos died within 96 h of exposure to 2 mg/L PPD aged for 16 h (80% at 1 mg/L PPD aged 
for 16 h). The corresponding 96 h LC50 values for PPD could be determined at 1.32, 1.82, 
1.86, 0.92 and 2.13 mg/L for solutions aged for 1, 4, 8, 16 and 24 h (see filled dots of insert in 
Figure 40).  
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Figure 40: Cumulative mortality (%) of zebrafish embryos exposed for 96 hours to differently aged PPD solu-
tions. PPD solutions aged for 16 hours (blue line) showed the highest toxicity. Insert illustrates LC50 (filled dot) 
and EC50 (empty dot) values determined for PPD solutions aged between 1 and 24 h. Graphs based on ToxRat® 
calculations and illustrated with SigmaPlot 12.0. 
The most conspicuous sublethal effect in early embryos exposed to PPD was a reduction of 
body pigmentation. At 48 hpf, the lack of body and eye pigmentation was striking (see em-
bryos in Figure 41) and with rising exposure time, this retardation in pigmentation of the body 
and the eyes was almost compensated. However, an increase of a well-defined brownish ac-
cumulation in PPD-exposed embryos above the yolk and the digestive tract but underneath 
the developing swim bladder (see asterisk in Figure 41 exposed to 2 mg/L PPD) was detected 
from 72 hpf onwards. These were the main effects in embryos leading to almost identical 
EC50 values in 1, 4, 8 and 16 hours aged PPD solutions at a range between 0.30 and 
0.36 mg/L PPD (see empty dots of insert in Figure 40). Only the PPD stock solution aged for 
1 and 24 h showed less prominent effects with EC50 value of 1.09 and 0.61 mg/L. 
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Figure 41: Phenotypes of 48 hpf embryos inside the chorion and hatched larvae at 96 hpf exposed to PPD. Col-
umn 1 shows the control embryos; column 2 represents 2 mg/L of 4 hours aged PPD stock solution; 3 column 
shows embryos exposed to 2 mg/L of the 8 hours aged PPD stock solution. Differences in whole body but espe-
cially in eye pigmentation can be seen in the PPD treated embryos. A brownish accumulation, indicated by aster-
isks, in a well-defined area above the gut and the yolk sac is seen.  
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Tuolene-2,5-diamine sulfate (PTD) 
The cumulative PTD mortality of zebrafish embryos exposed to differently aged stock solu-
tions was strongly dose-dependent (see toxicity curves in Figure 42). Especially the mortality 
rates found for 48 and 72 h old PTD stock solutions were shifted to higher tested concentra-
tions. Whereas at a concentration of 1 mg/L 95% (16 h PTD) or 100% (1, 4 and 8 h PTD) of 
the introduced embryos were coagulated, only 25% in the 24 h old solution died and no mor-
tality at all was found at 1 mg/L PTD aged for 48 and 72 hours. The most toxic PTD stock 
solution was the one aged for 8 h with a LC50 value determined at 96 hpf at 0.45 mg/L PTD. 
The LC50 values determined for stock solutions older than 8 h increased steadily (see insert 
Figure 42), and a significant reduction of cumulative toxicity became evident for solutions 
older than 24 h. Since embryos exposed to PTD did not show any sublethal effects in addition 
to acute lethal effects, EC50 and LC50 values were almost identical (see Table 13) and thus, 
only the corresponding LC50 values are shown in the insert of Figure 42. 
 
Figure 42: Cumulative mortality (%) of zebrafish embryos exposed for 96 hours to differently aged PTD solu-
tions. Stock solution aged for 8 hours showed the highest toxicity (red line), while stock solutions aged for more 
than 24 hours resulted in lower toxicity (blue-green, green and bright green functions). The insert illustrates the 
concentration at which 50% of the introduced embryos were lethally affected (LC50 values) as determined via 
ToxRat® probit analysis. A clear reduction of toxicity with LC50 values above 1 mg/L could be shown for PTD 
solutions aged ≥ 24 h. Graphs based on ToxRat® calculations and illustrated with SigmaPlot 12.0. 
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2-Methoxymethyl-p-phenylenediamine (MBB) 
Within the single test runs, the toxicity of MBB in zebrafish embryos was strongly dose-
dependent. Differences between the tested concentrations per run were found, resulting in 
variable curve progressions. Quite similar steep cumulative mortality curves are found for 
MBB stock solutions aged for 8, 16 and 24 h, while for all other stock solutions, the toxicity 
rate increased slower with rising concentrations. 
The toxicity of MBB to zebrafish embryos was also influenced by age of stock solutions. 
However no clear statement can be made about increase or decrease of toxicity with rising age 
of MBB stock solutions: When comparing the determined LC50 values (filled dotes in insert 
of Figure 43), no pattern of toxicity can be found with rising age of MBB stock solutions. The 
stock solution aged for 1 h and 16 h showed similar mortality rates, with the lowest deter-
mined 96 h LC50 values at 4.03 mg/L and 4.00 mg/L, respectively (see also Table 13). All 
other LC50 values found for the differently aged MBB stock solutions ranged between 
5.46 mg/L (8 h MBB) and 8.92 mg/L (4 h MBB). 
 
Figure 43: Cumulative mortality (%) of zebrafish embryos exposed for 96 hours to differently aged MBB solu-
tions. All stock solutions showed similar responses in zebrafish embryos. Stock solution aged for 16 hours 
showed the highest toxicity (blue line). Insert illustrates LC50 (filled dot) and EC50 (empty dot) values deter-
mined for MBB solutions aged between 1 and 48 h. Graphs based on ToxRat® calculations and illustrated with 
SigmaPlot 12.0. 
Exposed embryos showed a dose-dependent increase in effects on embryonic development. 
As a main effect, embryos showed no or reduced pigmentation at every time point of observa-
tion from 48 hpf onwards, which could not be compensated until the end of the test. Stock 
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solution aged for 8 h showed the most affected embryos at 96 hpf, resulting in the lowest EC50 
value at 1.42 mg/L MBB (see empty dots in insert of Figure 43 and Table 13). 
Also, embryos showed a brownish accumulation between the yolk/intestine tract and the no-
tochord/swim bladder (Figure 44) from 72 hpf onwards. The accumulation of brownish mate-
rial, as found in PPD-exposed embryos, was well-defined and increased with rising test con-
centrations. Selected images of embryos treated with 4 h old MBB stock solution at different 
test concentrations showed a dose-dependent increase of accumulation between 2 and 8 mg/L, 
while in embryos treated with higher concentrations no differences in intensity could be 
found. 
 
Figure 44: Dose-dependent increase of brownish accumulation in 96 hpf zebrafish embryos exposed to MBB 
solutions aged for 4 hours. The accumulation is found in a distinct area between yolk/intestine tract and swim 
bladder/notochord (see asterisks). Embryos were exposed to 2 mg/L (A), 4 mg/L (B), 8 mg/L (C), 32 mg/L (D) 
and 64 mg/L (E) MBB for 96 hours. The accumulation increases between 2 and 8 mg/L, all embryos exposed to 
higher concentrations showed similar intensity of the accumulation. With rising exposure concentration, also a 
reduction of body pigmentation can be found.  
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5.4.2 Influence of ascorbic acid on toxicity of PPD, PTD and MBB as determined in 
zebrafish embryos 
No age-dependent change of stock solution color as described for the standard FETs was ob-
served upon supplementation with ascorbic acid. PPD, PTD and MBB stock solutions with 
ascorbic acid remained clear for at least a week; nevertheless the tested stock solutions were 
prepared daily to ensure the different aging points. All tests were valid, since mortality in 
negative and ascorbic acid controls were < 10%.  
The addition of 0.04% ascorbic acid to PPD stock solution aged for 1 h resulted in a 50% re-
duction of the LC50 value from 1.32 mg/L to 3.55 mg/L. No further tests were performed, due 
to this reduction in toxicity. 
Also for PTD, toxicity was extremely reduced by addition of ascorbic acid, resulting in a 
complete lack of embryo mortality in all concentrations tested of stock solutions aged for 1, 4, 
8 and 16 h (Table 13). However, sublethal effects such as reduction of pigmentation and ede-
ma formations could be detected, resulting in EC50 values of 5.1 - 5.2 mg/L PTD supplement-
ed with 0.04% ascorbic aged for 4, 8 and 16 h (for details see Table 13). Nevertheless, no 
effects on embryos were seen for PTD with 0.04% ascorbic acid aged for 1 h.  
Compared to the toxicity data gained with the standard FET (LC50 at 4.03 mg/L) for MBB 
stock solution aged 1 hour, no toxicity could be observed in the same range of MBB concen-
trations with the addition of 0.04% ascorbic acid. Hence, no LC50 value could be determined 
(LC50 > 64 mg/L MBB + 0.04% AA). Nevertheless, developmental effects in embryos ex-
posed to MBB + AA were found. Again, the main sublethal effect was a strong reduction of 
pigmentation and a dose-dependent brownish accumulation between the yolk and the noto-
chord/the swim bladder. The EC50 value was determined at 20.01 mg/L. The ascorbic acid 
therefore strongly reduced MBB toxicity and no further test with the addition of AA was per-
formed. A summary of all LC50 and EC50 values determined in the standard fish embryo acute 
toxicity test and with the addition of 0.04% ascorbic acid (AA) is found in the Table 13.  
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Table 13: Toxicity of the tested hair dye precursors to zebrafish embryos at 96 hpf in the standard fish embryo 
toxicity (FET) test and with the addition of 0.04% ascorbic acid (AA). A strong reduction of toxicity is found 
with AA, hence only one LC50 value could be determined. All listed LC50 and EC50 values determined via Tox-
Rat® probit analysis. 
  
 
Age of stock solution 
Standard FET FET + 0.04% AA 
LC50 (mg/L) EC50 (mg/L) LC50 (mg/L) EC50 (mg/L) 
PPD 
1 hour 1.32# 1.09# 3.55 2.06 
4 hours 1.82 0.31 n.t. n.t. 
8 hours 1.86 0.30 n.t. n.t. 
16 hours 0.92 0.36 n.t. n.t. 
24 hours 2.13 0.61 n.t. n.t. 
PTD 
1 hour 0.58 0.58 > 2.00 > 2.00 
4 hours 0.49 0.47 > 16.00 5.19 
8 hours 0.45 0.45 > 16.00 5.13 
16 hours 0.72 0.70 > 16.00 5.06 
24 hours 1.09 1.04 n.t. n.t. 
48 hours 2.21 2.21 n.t. n.t. 
72 hours 3.69 3.69 n.t. n.t. 
MBB 
1 hour 4.03 3.66 > 64.00 20.01 
4 hours 8.92 2.86 n.t. n.t. 
8 hours 5.46 1.42 n.t. n.t. 
16 hours 4.00 2.95 n.t. n.t. 
24 hours 6.32 5.84 n.t. n.t. 
48 hours 8.82 2.53 n.t. n.t. 
# test was performed in complete darkness; n.t. – not tested, 
LC50 values shown in bold indicate the most toxic ages of stock solutions. 
Chapter V 
 
134 
5.5 Discussion 
Hair dyes have been used for decades to cover up grey hair or for fashion statements. Perma-
nent or oxidative hair dyes are the most common used hair dyes and the process is based on a 
centuries-old observation made by Hofmann (1863): The colorless para-phenylenediamine 
(PPD) produces brown shades on a variety of substrates when an oxidizing agent, including 
air oxygen, is available (Morel and Christie, 2011). Until today, PPD is the most common 
used hair color ingredient, although it has been shown to form by-products associated to its 
skin sensitization potential (Aeby et al., 2009; Chung et al., 1995; Nohynek et al., 2004; 
Nohynek et al., 2010; Picardo et al., 1992; White et al., 2006). Environmental safety assess-
ments have been built up on the knowledge of ecotoxicity of the precursors, i.e. the primary 
intermediates and the couplers as well as their relevant metabolites. The main focus of the 
conducted tests was the identification of effects of commonly used hair-dye primary interme-
diates, para-phenylenediamine (PPD), toluene-2,5-diamine (PTD) sulfate and 2-
methoxymethyl-para-phenylenediamine (MBB) in zebrafish embryos. Since air- and water-
borne oxygen is able to oxidize the reactive precursors, various periods of time ranging from 
1 to 72 hours were chosen as pre-incubation, allowing the formation of metabolites. Hence, 
not only the toxicity of the parent substance, i.e. the precursors, was investigated by applying 
1 hour old test-solutions, but also the toxicity of aged solutions containing all possible oxi-
dized metabolites. To verify if the oxidative products are responsible for the toxicity in 
zebrafish embryos, the well-known scavenger ascorbic acid was used to prevent oxidation. 
This testing strategy has not been applied for toxicity testing of hair dye molecules in 
zebrafish embryos before. 
Overall, the three primary intermediates showed dose-dependent effects in zebrafish embryos: 
the higher the tested concentration, the higher the percentage of affected embryos. One very 
prominent effect in surviving embryos was the reduction or lack of body and eye pigmenta-
tion, which is a very universal effect and frequently found in phenol- and aniline-exposed 
embryos (Keth, 2012; Schulte and Nagel, 1994; Schulte, 1997). The exact mechanism of in-
terference of the tested compounds with the melanophores in the skin or retina of zebrafish 
embryos is not known. Pigmentation in zebrafish embryo starts at 30 hpf, first appearing in 
the pigmented layer of the retina and as distinctive clusters of melanophores in the skin dorsal 
and anteriorly in the head (Kimmel et al., 1995). The reduction or lack of pigmentation is 
found between 48 - 72 hpf, while at 96 hpf, a pigmentation can be found in embryos and in 
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some cases only with minor reductions compared to negative control embryos. Hence, the 
embryo seems capable catching up this retardation in development. 
The reactivity of the precursors in the FET medium and the formation of various products by 
self-coupling processes is visualized by the change in color of the aged PPD-, PTD- and 
MBB-stock solutions (Meyer and Fischer, 2015). First, the stock solutions were clear with a 
slight hint of brownish-red and became dark brown at ages ≥ 4 hours. In solutions aged for 
longer periods (16 – 72 hours), some adsorption of brown material to the glass bottoms and 
the stirring bars was found. Hatched embryos exposed to solutions aged for ≥ 4 hours showed 
an accumulation of brownish material between the yolk/intestine tract and the developing 
swim bladder/notochord. The prevalence and intensity of this effect increased with rising ages 
of stock solutions and rising test concentrations. Thus it appears that the formed oxidized 
products of PPD, PTD and MBB are taken up via the mouth and subsequently accumulate in 
the intestine and hindgut lumen. In zebrafish embryonic development, the intestine and hind-
gut appears under the light microscope shortly between 42 and 60 hpf and the lumen becomes 
more prominent at 72 hpf (Kimmel et al., 1995), correlating with the appearance of brown 
material inside the embryo at 48 hpf and an increase until the test end at 96 hpf. Hence, the 
shades of brown in the test solutions as well as the accumulation within the embryos are an 
indicator of the successful oxidation of the respective precursors, PPD, PTD or MBB, by ox-
ygen in the air and within the medium and also of a subsequent and time-depending coupling 
process. 
Aeby et al. (2009) found PPD to be initially stable in constantly air saturated aqueous medi-
um. However after 30 minutes, a peak of a second monomer was detected via liquid chroma-
tography, indicating auto-oxidation. After approximately 5 hours, the presence of PPD has 
dropped to about 50%, while in the meantime, these monomers had polymerized and formed 
dimeric and trimeric auto-oxidation products as well as Bandrowski’s Base (Aeby et al., 
2009). They also found 8 hours after the PPD addition substantial amounts of dimer, BB and 
second trimer. For PTD auto-oxidation in aqueous medium, analogous products have been 
detected by Goux et al. (2007) via spectroelectrochemical methods. Therefore, similar pro-
cesses of auto-oxidation and formation of self-coupled products can be assumed for MBB 
based on their structural similarities. 
In the standard FETs with zebrafish embryos, the ranges of LC50 values determined with the 
stock solutions aged for 1 to 48 hours were 0.92 – 2.13 mg/L for PPD (1 h - 24 h), 0.45 –
 2.21 mg/L for PTD and 4.0 – 8.82 mg/L for MBB. Comparing these ranges with the LC50 
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endpoints submitted by registrants in the ECHA registration dossier (access via ECHA 
webpage: http://echa.europa.eu, accessed June 2016), the determined endpoints were found in 
similar ranges. The accepted endpoints for acute toxicity in fish derived from key studies as 
follows. The LC50 submitted for PPD was determined in a flow-through study with rainbow 
trout fingerling at 3.9 mg/L (nominal, dossier PPD). For PTD a LC50 (96 h) value was deter-
mined in a flow-through study with zebrafish (OECD, 1992) at 1.08 mg/L (nominal, dossier 
PTD). For MBB, the 72 h LC50 value was determined in an FET study based on the OECD 
draft guideline (OECD, 2006) with zebrafish embryos to be > 5.69 mg/L (mean-measured, 
dossier MBB).  
In all performed FETs, the main lethal effect in all tests was coagulation, and when compar-
ing the percentage of embryos coagulated at 24 hpf with the ones coagulated at the end of the 
test (96 hpf), no increase was found. The most toxic aged stock solution were found to be 16 
hours for PPD (LC50 = 0.92 mg/L), 8 hours for PTD (LC50 = 0.45 mg/L) and 16 hours for 
MBB (LC50 = 4 mg/L). Correlating the formation of possible reactive products in air saturated 
medium as described above to the strong embryotoxic response of the tested precursor solu-
tions aged for ≥ 8 hours, it becomes clear that the concentration and the accumulation of the 
formed products drives the reaction in the embryos. 
The effects of PPD auto-oxidation has been studied in various approaches in e.g. human im-
mortalized keratinocytes (Kawakubo et al., 2000; Picardo et al., 1992; Zanoni et al., 2015), 
reconstituted human epidermis and hepatocytes (Nohynek et al., 2005; SCCP, 2006), dendrit-
ic cells (Aeby et al., 2009) or in various laboratory animals (Bharali and Dutta, 2009; SCCP, 
2006) - however always under the aspect of skin sensitization (see also Diepgen et al. (2016); 
Pot et al. (2013)). One major discussed pathway for the allergic potential of the precursors is 
the formation of reactive oxygen species (ROS) and free radical cations. Although ROS is 
important in normal embryonic development and the regeneration of complex structure, an 
excess of oxidative stress is associated with embryotoxicity (Dennery, 2007; Gauron et al., 
2013; Hahn et al., 2014). ROS and reactive cations as products of PPD, PTD and MBB oxida-
tion can bind to DNA, proteins and lipids and hence, lead to cell death (O'Brien, 1985). In the 
conducted FETs, the course of survival or coagulation of the embryo seems to be settled with-
in the first hours of exposure. Directly after fertilization, the developing embryo consists of 
only a small amount of cells and is strongly vulnerable for interferences with DNA, proteins 
and other biomolecules by ROS or reactive cations formed by the oxidation of PPD, PTD and 
MBB. For PPD, an interaction with small peptides containing one of the nucleophilic amino 
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acids cysteine, lysine, histidine or arginine has been shown by Aleksic et al. (2009), and the 
selective binding of PPD to cysteine residues in the synthetic peptide DS3 was verified by 
Jenkinson et al. (2009). Especially the auto-oxidation products p-benzoquinonediimine, p-
benzoquinones and Bandrowski’s Base interact with proteins to form adducts or be involved 
in complex reduction reactions (Aleksic et al., 2009; Jenkinson et al., 2009; Pot et al., 2013). 
In HaCaT cells, Zanoni et al. (2015) showed the capability of auto-oxidation of PPD to in-
duced DNA oxidation at levels similar to positive control (10.5 µg/ml H2O2). Due to structur-
al and chemical similarities, these mechanisms can be assumed for the oxidized products of 
PTD and MBB.  
An additional influence in toxicity might be the bioavailability of the parent substances and 
their oxidized metabolites: PTD is methylated and might be more bioavailable than PPD as 
the basic molecule. The less toxic tested substance is MBB bearing a bigger and more steric 
residue (-C2H5O2). 
To investigate whether the formation of reactive oxygen species (ROS) and the different oxi-
dized and self-coupled products are responsible for the toxicity of the aged precursor to 
zebrafish embryos, the scavenger ascorbic acid (AA) was added to the FET medium. AA is 
supposed to inhibit the auto-oxidation of PPD, PTD and MBB as well as to decrease levels of 
produced ROS and other free radicals produced in the oxidation process. Visually, a clear 
indication of the successful prevention of auto-oxidation of the three precursors was the ab-
sence of a color change of the prepared stock solutions and test solutions. All solutions were 
clear throughout the aging process and the subsequent FET procedure. Since the color for-
mation is caused by the formation of various self-coupling products due to auto-oxidation of 
the precursors (Aeby et al., 2009; Corbett, 1972; Goux et al., 2007; Meyer and Fischer, 2015), 
AA is able to reduce or even prevent these two successive reactions. 
Regarding the effects of PPD, PTD and MBB in zebrafish embryos, lethality and defor-
mations were effectively reduced in all performed experiments with the amendment of 0.04% 
ascorbic acid. Exposed embryos in the highest tested concentrations of all runs showed a re-
duced pigmentation. Nevertheless, the rate of affected embryos was lower with the amend-
ment of AA. Comparing the resulting EC50 values in the standard FET to the ones determine 
with the addition of 0.04% AA, the effect rate was reduced by a factor of approximately 2 
(PPD), 5.4 (MBB) and 7 (PTD). The reduction in pigmentation was only seen in embryos of 
the treatments, not in the AA-control, hence a whitening effect of AA due to melanocyte in-
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teraction as seen in humans (Balaguer et al., 2008; Raschke et al., 2004) can be fairly exclud-
ed. 
The toxicity of the three precursors was strongly reduced by AA in all treatments and test 
runs. AA is assumed to react with the oxygen in water itself, to scavenge effectively ROS and 
to chelate radicals (Bendich et al., 1986; Bodannes and Chan, 1979), which might also held 
true for oxidized precursors formed by - a presumably lower rate of - auto-oxidation. Conse-
quently, less reactive molecules lead to a decrease in self-coupling processes triggering a re-
duction of toxicity. The protective effects of AA has been mainly studied in mammals, but 
also in fish exposed to ethanol (Reimers et al., 2006) and pesticides e.g. organochlorine 
(Agrawal et al., 1978), deltamethrin (Datta and Kaviraj, 2003) and ethyl methane sulfonate 
(Guha and Khuda-Bukhsh, 2002). Although in zebrafish embryos no prevention of ethanol-
induced pericardial edema were found (Reimers et al., 2006), the other authors demonstrated 
with an AA supplementation a reduced stress response caused by pesticides (Agrawal et al., 
1978; Datta and Kaviraj, 2003) and the inhibition of the oxidative metabolism of the genotox-
ic ethyl methane sulfonate (Guha and Khuda-Bukhsh, 2002). The effectiveness of a pretreat-
ment with AA to reduce oxidative stress was shown by El-Gendy et al. (2010) in imidaclo-
prid-exposed mice. For PPD, Coenraads et al. (2016) demonstrated an attenuating effect on 
the elicitation reaction in sensitized individuals by pretreatment with AA.  
5.6 Conclusions 
Since the FET is already being used for the assessment of chemical safety and should be ap-
plied to an even wider range of applications, the possibility of variations in the test perfor-
mance to address the toxicity of rapidly changing substances has been evaluated. The toxicity 
of strongly reactive oxidative hair dye precursors has been assessed in the standard FET ac-
cording to TG 236 (OECD, 2013a). To cover the ability of auto-oxidation and self-coupling 
of these reactive molecules, the process of aging of the stock solution before introducing the 
test organisms, freshly fertilized fish eggs, has been successfully applied. With small modifi-
cations of the standard procedure, the transformation of the precursors to various products, 
such as reactive oxygen species and reactive self-coupling products (dimers, trimers, and 
Bandrowski’s base) can be assessed in the FET. Moreover, the amendment of ascorbic acid at 
0.04% has been found to inhibit successfully the formation of these reactive products. No 
transformation of color in the aqueous medium as an indicator of the self-coupling products 
was found. Also, in the FET with ascorbic acid the toxicity in zebrafish embryos was strongly 
reduced over the course of the test period.  
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Overall, the FET standard test design can be easily modified in the laboratory to learn more 
about the mode of action of a reactive substance, the modifications by other substances and 
the toxicity. To investigate whether a more realistic environmental aspect can be transferred 
into the laboratory, the next chapter describes the performance of the FET with PTD in native 
river water and the involved influences of dissolved humic materials on the toxicity in 
zebrafish. 
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6. Influences of humic acids and native river water on the 
toxicity of toluene-2,5-diamine sulfate (PTD)  
6.1 Abstract 
For the investigation how heterogeneous matrices might influence the behavior and conse-
quently the toxicity of the hair dye precursors PTD, the fish embryo toxicity test (FET) was 
performed in an environmentally more realistic scenario under controlled conditions in the 
laboratory. The FET dilution water was (a) amended with Suwannee River Standard II humic 
acids (HA) at 2 or 8 mg/L and (b) substituted by native river water sampled from a German 
river. The Neckar River was chosen as a typical German river, heavily anthropogenic influ-
enced by urban water purification plants clearing the sewage of about 11 million people and 
several direct immissions from industrial sewage treatment plants (LUBW, 2007). Sampling 
occurred at two different flow rates: normal and during a flood. 
The amendment with humic acids only slightly reduced the toxicity of PTD to zebrafish em-
bryos. LC50 values for PTD with 2 mg/L and 8 mg/L humic acids could be determined at 
0.711 and 1.12 mg/L PTD, respectively, while the LC50 without any amendment was found to 
be 0.85 mg/L PTD. In contrast, the toxicity of PTD in natural river water was lowered, alt-
hough no difference could be found between toxicity in river water at normal and elevated 
flow rate. In comparison to the standard FETs, the LC50 values (96 hpf) were lowered approx-
imately 2 times for the 4 hours aged PTD solution, 3 times for the 8 hours aged PTD solution 
and 5 times for the 16 hours aged PTD solutions. 
This study showed that the organic matrix within the native river water needed some time to 
react with the PTD molecules as well as with possibly emerging products. The amendment 
with humic acids cannot fully display the natural occurring complexity of aggregation, dis-
aggregation and formation of complexes with the reactive hair dye primary intermediate PTD. 
Nevertheless, the FET can be modified to address a more realistic approach of toxicity.  
6.2 Introduction 
In Chapter V of this thesis, the toxicities of oxidative hair dye primary intermediates PTD, 
PPD and MBB as well as their self-coupling products formed within several hours, have suc-
cessfully been assessed in the standard FET according to TG 236 (OECD, 2013a). With only 
small aberrations from the standard protocol, the transformation of hair dye precursors in the 
presence of oxygen to a broad range of reactive products, i.e. reactive oxygen species and 
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self-coupling products like dimers, trimers and 
Bandrowski’s base, can be assessed in the 
FET. One of the most commonly used hair dye 
precursors, the primary intermediate PTD, 
showed in the standard FET the strongest tox-
icity in solutions aged for 8 hours (LC50 = 
0.45 mg/L). The LC50 values determined for 
stock solutions older than 8 h increased steadi-
ly and a significant reduction of cumulative 
toxicity became evident for solutions older 
than 24 h. With the amendment of 0.04% 
ascorbic acid, this transformation and the reac-
tivity of the products were prevented and a 
decrease of toxicity to zebrafish embryos was 
observed. In PTD treatments, no embryotoxic 
effects were found in solutions aged for 1, 4, 8 
and 16 hours. 
To investigate whether a more environmentally 
realistic aspect can be transferred into the la-
boratory and how the heterogeneous matrices 
might influence the behavior, the toxicity of 
PTD to zebrafish was determined in standard dilution water amended with humic acids (HA) 
and in a further step in native river water. 
The Neckar River was chosen as a typical German river, heavily anthropogenic influenced. 
With 367 km, the Neckar River is the 10th longest river of Germany. It rises in the Black For-
est at 706 m above sea level and winds its way through the German Federal Land of Baden-
Württemberg (see Figure 45), passing the cities Stuttgart, Heilbronn and Heidelberg until it 
joins the Rhine River in the largest city Mannheim at about 85 m above sea level (LUBW, 
2007). The Neckar passes through the typical southern German escarpment landscape with 
Keuper, Muschelkalk, bunter and granite (LUBW, 2007).  
The outlet of the Neckar at Mannheim averages 145 m³/s. The catchment area covers 
13 985 km² with 18 inflows and collects the sewage of about 5 million inhabitants (LUBW, 
2007). The first 203 km upstream, from its mouth to the last lock at Plochingen, the Neckar 
Figure 45: Course of the Neckar River through the 
German Federal Land of Baden-Württemberg 
(www.Fahrrad-Tour.de, 2013) 
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River is used as a Federal Waterway. To enable the navigability on the waterway at any water 
level, locks, weirs and channels were built. Today there are 27 locks operating between 
Mannheim and Plochingen.  
In 2007, there were 588 urban sewage plants for about 11 million people (LUBW, 2007). Be-
sides those, there are 37 direct pipes of industrial sewage plants joining the river. Compared 
to the length of the stream, the Neckar River thus shows a high density of sewage plants in 
Germany. 
In natural waters, one major characteristic is the freight of organic matter which can be ana-
lyzed by determining the biochemical oxygen demand (BOD), the chemical oxygen demand 
(COD) and the total organic carbon (TOC). The total organic carbon is typically classified 
according to the solubility, as measured by particle size. Particles under 0.45 µm are classified 
soluble and form the group of “dissolved organic carbon” (DOC), while the particles of a size 
above 0.45 µm are classified as “particulate organic carbon” (POC). Riverine vegetation, soil 
and landscape composition as well as anthropogenic influences and seasonal variations have 
major impacts on TOC in aquatic systems. As a matter of fact, DOC is the carbon content 
found in the water column and hence the focus of interest for the present test procedure. A 
further classification of DOC can be made into humic substances and a variety of labile, 
chemically well-defined compounds, such as polysaccharides, low weight acids and other low 
weight substances (Sachse et al., 2005; Thomas, 1997). Humic substances are a complex and 
heterogeneous mixtures of a variety of materials, formed by a process called humification, in 
which plant and microbial remains are decayed and transformed (IHSS). They account for up 
to 80% of the organic carbon in freshwaters including organisms (Steinberg et al., 2007). Ac-
cording to their solubility in water, humic substances can be separated into humin (insoluble), 
humic acids (soluble at a pH > 2) and fulvic acids (soluble under all conditions; McDonald et 
al., 2004). Since 1981, the International Humic Substances Society has collected and distrib-
uted standard and reference samples of various natural humic substances, allowing the com-
parison of experiments conducted with humic substances. In the present study, the used humic 
acid was collected from the Suwannee River (IHSS Code: 1S101H), in southeast Georgia, 
USA. Ritchie and Perdue (2003) determined the concentration of carboxyl and phenolic func-
tional groups in a variety of standard and reference materials from IHSS, including the used 
Suwannee humic acids. They estimated the mass carbon to 52.55% on a dry, ash-free basis, 
with a carboxylic content of 9.59 meq g/ C and a phenolic content of 4.24 meq g/C. 
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The main focus of aquatic ecotoxicology research on organic content has been the binding 
properties, especially the ones of humic acids, and the resulting impact on bioavailability in 
aquatic organisms. It is well established, that organic and lipophilic substances tend to bind 
and adsorb to organic carbon, forming complexes resulting in a reduced bioavailability 
(Bollag and Myers, 1992; Fent and Looser, 1995; Haitzer et al., 1998; Meinelt et al., 2006; 
Thorn et al., 1996). The precise mechanisms on which the decrease in toxicity in presence of 
humic acids is based on, has not yet been elucidated. However, some studies showed an en-
hancement of bioconcentration at low concentration of DOC (0.5 – 4 mg/L) as has been re-
viewed by Haitzer et al. (1998). Only in the last years, nanotechnology makes use of low con-
centrations of humic acids to stabilize nanoparticles (NPs) in aquatic media and the influences 
on aggregation and disaggregation of NPs (Mohd Omar et al., 2014). Gao et al. (2012) 
showed an increase of total silver (Ag) content in aquatic system with concentrations of < 
10 mg/L humic acids, while a decrease of Ag content was found at higher carbon concentra-
tions, due to increased bridging processes and settling of the Ag NP-TOC-complexes. Never-
theless, toxicity of these suspensions to Daphnia decreased almost linear with increasing hu-
mic acids concentrations (< 20 mg/L). These observations have also been made in in zebrafish 
embryos: despite a lower body burden due to complexation, titanium dioxide nanoparticles 
(TiO2 NPs) have been shown to be more toxic to zebrafish embryos in the presence of humic 
acids (Yang et al., 2013). It has been postulated, that humic acids or other natural organic 
matters may serve as a free radical scavenger (Fabrega et al., 2009; Goldstone and Voelker, 
2000; Wang et al., 2001). Besides the positive effects of stabilizing solutions, several hints of 
xenobiotic character of humic substances have been postulated with potential of herbicidal 
mode of actions, membrane-irritations and interferences with DNA (see for example 
Steinberg et al., 2004; Steinberg et al., 2007; Wolf et al., 2016). Especially in combination 
with UV light, DOC has been shown to induce reactive oxygen species and free radicals 
(Cooper and Zika, 1983; Fede and Grannas, 2015; Vaughan and Blough, 1998). 
As has been shown in Chapter V, the auto-oxidation of the hair dye precursors, the primary 
intermediate PTD, PPD and MBB, led to an increase of toxicity in zebrafish embryos, which 
has been explained partly by the formation of free radical species, such as radical oxygen spe-
cies and radical by-products during the self-coupling process. A clear reduction was found 
with an ascorbic acid supplementation, and for a better understanding of the behavior of pre-
cursors and their self-coupling products in sewage treatment plants and natural waters, this 
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chapter elucidates the impact of humic acids solely and as part of the complex matric of natu-
ral river water. 
The toxicity of PTD was assessed in two different approaches in the laboratory: 
(1) The modulation of toxicity by humic acids: 
In order to mimic the complex impact of dissolved organic carbon in the environment, 
humic acids (HA) at concentrations of 2 and 8 mg/L were selected as an additional 
supplement in the FET. For a direct comparison, a standard test was also performed. 
(2) The influence of native river water on toxicity: 
The standard FET protocol was performed, however, native river water as an ecologi-
cal relevant matrix was used instead of dilution water as recommended by TG 236 
(OECD, 2013a). Two different samplings were performed in summer 2013, the first 
one during normal stream stage, the second one during the event of a flood. This al-
lows the comparison of influences due to a higher content of organic matters in the 
water column. 
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6.3 Material and methods 
6.3.1 Chemicals 
All chemicals were purchased from Sigma Aldrich (Deisenhofen, Germany) in highest purity 
available, unless noted differently. Suwannee River Humic Acid Standard II was obtained 
from the International Humic Substances Society (IHSS; St. Paul MN, USA). 
Toluene-2,5-diamine sulfate (PTD; CAS 615-50-9) was provided by Procter & Gamble (Cin-
cinnati OH, USA). The analytical purity of PTD was 99.9% at 254 nm (HPLC, Procter & 
Gamble, Hünfeld, Germany), test material was stored in glass vessels in the dark under vacu-
um at room temperature. For details on chemical and physical properties, please refer to 
Chapter V, Table 11. 
Dilution water (294.0 mg/L CaC2 × 2 H2O; 123.3 mg/L MgSO4 × 7 H2O; 64.7 mg/L Na-
HCO3; 5.7 mg/L KCl) was prepared according to OECD Test Guideline 203 (OECD, 1992), 
pH was adjusted to 7.7 ± 0.2. Dilution water served as a negative control the standard FET 
(0 mg/L HA) and the FET with the amendment of humic acid. As a positive control, 4 mg/L 
3,4-dichloroaniline (CAS 95-76-1) was prepared either in normal dilution water or in native 
river water. 
6.3.2 Zebrafish maintenance and egg production 
Wild-type zebrafish (Westaquarium strain) derived from own breeding facilities at the Uni-
versity of Heidelberg and were kept under conditions described in detail by Lammer et al. 
(2009). Breeding conditions were as follows: oxygen contents ≥ 90%; water temperature 
26.0 ± 1.0 °C, pH 8.0 ± 0.2, conductivity 600 – 800 µS/cm; ammonia < 5 mg/L, nitrite < 
1 mg/L; nitrate < 25 mg/L, 13 – 16 °dH (214.5 – 286 mg/L CaCO3) total water hardness and a 
photo period of 16 h light – 8 h dark. Egg production was performed via spawning groups as 
recommended by the OECD TG 236 (OECD, 2013a) with modifications according to Sessa et 
al. (2008). 
6.3.3 Fish embryo toxicity test (FET)  
All tests were performed according to the OECD TG 236 – Fish Embryo Acute Toxicity 
(FET) Test (OECD, 2013a). The FET was conducted in 24-well polystyrene plate (TPP, Ren-
ner, Dannstadt, Germany), which had been pre-incubated for 24 h prior to the test start with 
the respective test concentrations. The 24-well plates were covered with self-adhesive foil 
(Sealing tape SH, 236269, Thermo Fisher Scientific, Waltham, MA) and the lid and incubated 
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at 26.0 ± 1 °C. Photoperiod was 14 h light – 10 h dark. Exposure was semi-static with daily 
exchanges of the entire volume of the test solutions after assessment of embryonic develop-
ment.  
Only egg batches with a fertilization rate ≥ 80% were used. Embryos were examined after 24, 
48, 72 and 97 hours post fertilization (hpf) for the following lethal effects: non-detachment of 
the tail, non-formation of the somites, coagulation and, from 48 hpf onwards, lack of heart-
beat. Besides lethal effects, every aberration in normal development (e.g. edema formation, 
underdevelopment, reduction or lack of blood circulation) was recorded according to 
Bachmann (2002) and Nagel (2002). 
A test was considered valid, if a mortality rate of ≤ 10% in the negative control (plus respec-
tive humic acids control) and ≥ 30% in the positive control could be observed at the end of the 
test.  
6.3.4 Modulation of PTD toxicity by addition of humic acids 
In order to mimic the complex impact of dissolved organic carbon in the environment, humic 
acids (HA) at concentrations of 2 and 8 mg/L were selected as an amendment of dilution wa-
ter in the FET. As a control, a FET was run in parallel without addition of humic acid (0 mg/L 
HA). All stock solutions and test solutions as well as the positive control 3,4-dichloroaniline 
and humic acid were prepared in dilution water. 
A HA stock solution of 40 mg/L was prepared by directly dissolving HA in dilution water. 
Stock solutions of 40 mg/L PTD and final PTD test solutions were prepared freshly on each 
day of the experiments with dilution water or humic acid-complemented dilution water 
(2 mg/L or 8 mg/L HA). PTD stock solutions were adjusted to pH 7.7 ± 0.2 and used immedi-
ately after preparation (aging < 1 h). Final nominal test concentrations can be found in Table 
14. In addition to regular negative and positive controls, HA control runs without PTD were 
performed at 2 and 8 mg/L, respectively. 
Table 14: The concentrations used in the FETs to investigate the influences of 0, 2 or 8 mg/L humic acids (HA) 
on the toxicity of PTD in zebrafish embryos. Stock solutions and the final test concentrations are listed as nomi-
nal concentrations. 
  Age of stock 
solution 
Nominal PTD concentration (mg/L) of 
  stock solution test solutions 
PTD plus 
0 mg/L humic acid 1 hour 40 0.25, 0.5, 1, 2, 4  
2 mg/L humic acid 1 hour 40 0.25, 0.5, 1, 2, 4  
8 mg/L humic acid 1 hour 40 0.25, 0.5, 1, 2, 4  
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6.3.5 FET in native river water 
To simulate the behavior of PTD under natural conditions, FETs were performed in natural 
water collected from the Neckar River at Heidelberg (Southern Germany). At the sampling 
site (49°24’41.48”N / 8°40’18.62”E) the river is canalized, hence the riverine vegetation as 
well as sediment deposition did not have a significant impact on the water. Sampling was per-
formed by direct immersion of the sampling vessels at a depth of about 30 cm. In order to 
avoid major derogations of the water by air, sampling vessels were filled until overtopping. 
For each day of the subsequent FETs, one aliquot of the unfiltered river water and another 
two aliquots for the dilution to the final test solutions were stored at -20 °C. All PTD stock 
and test solutions were exclusively prepared in river water thawed and heated in a water bath 
until temperature had reached 26 °C. Details on test design, concentrations of stock solution 
and test solutions can be found in Table 15.  
Table 15: Test design and nominal concentrations of PTD tested in zebrafish FET under supplementation by 
Neckar River water. 
6.3.6 Characterization of the river water 
Total organic carbon (TOC) and dissolved organic carbon (DOC) were analyzed according to 
DIN (1997). Additionally, the total carbon (TC) and the inorganic carbon (IC) were deter-
mined. The chemical oxygen demand (COD) was performed according to ISO (2012) and 
DIN (1980) with LCK414 COD cuvette (suitable in a range of 5 - 60 mg/L). Due to the tur-
bidity of the river water, the COD was determined for the thoroughly mixed river water and 
for the supernatant after sedimentation of the particles in the water column. The biological 
oxygen demand (BOD) was performed according to the “Determination of biochemical oxy-
gen demand after n days (BODn) – Part 2: Method for undiluted samples (modified ISO, 
1998)”, with n = 5 days. As an indication of the total freight of dissolved aromatic moieties, 
 Normal Neckar River water  Flood Neckar River water  
Dilution water Neckar River water sampled under normal flow conditions 
Neckar River water sampled dur-
ing a flood 
Stock solution 100 mg/L  100 mg/L  
Test concentrations (mg/L) 0.25; 0.5; 1; 2; 4; 8; 16; 32  0.25; 0.5; 1; 2; 4  
Age of stock solution 8 h 4, 8, 16 h 
Embryos/run 20 (controls: 24) 10 (controls: 12) 
Negative controls Neckar River, normal water Neckar River, flood water 
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the SAC254 was determined photometric (Ultrospec 2100 pro; Amersham Bioscience). The 
river water was also analyzed for nitrate, nitrite, ammonium, total hardness, chloride and 
phosphate (all tested with Aquamerck® test kits; Merck, Darmstadt, Germany). Also, the fol-
lowing standard water parameters were tested: pH (Knick pH Meter 765, Berlin, Germany); 
oxygen content (wtw Cell Ox325 with Multiline P4; wtw Weilheim, Germany); conductivity 
(wtw, Con Ox OxiCal with Multi 350i; wtw, Weilheim, Germany) and temperature (ama dig-
it, ad. 15th). 
6.3.7 Statistical analysis 
At each time point of evaluation, the LC50 (concentration at which 50% of the exposed em-
bryos showed lethal effects) and the EC50 (concentration at which 50% of the exposed embry-
os showed lethal and sublethal effects) values were calculated using ToxRat®version 2.10 
probit analysis using linear maximum likelihood regression. 
In case of two controls (HA-control and negative control) during a test run, both were includ-
ed in statistical analysis in ToxRat®. 
6.4 Results 
6.4.1 Modulation of PTD toxicity by humic acids 
Following addition of humic acid to PTD, pH values ranged between 7.5 and 7.8. All tests 
were valid: in the positive control, mortality at the end of each test (96 hpf) was > 80%; in the 
negative control, mortality was 0% and in the humic acid control, mortality was 0 - 5%. 
The prepared stock and test solutions were clear, with a slight hint of brown. Humic acid itself 
is a brown powder, but dissolved in dilution water, this coloration was negligible. No aging of 
the stock solutions was performed, however, the test solutions of the higher treatment groups 
turned brown during the 24 hours inside the wells. 
Over the course of testing period, mortality of zebrafish embryos exposed to 1h old PTD sole-
ly or with the addition of 2 or 8 mg/L humic acid (HA) did not change after 24 hpf. All intro-
duced embryos exposed to the two highest test concentrations of 2 and 4 mg/L PTD coagulat-
ed within 24 h, no matter if solutions were amended by HA. Embryos exposed to 1 mg/L PTD 
showed different reactions depending on the addition of humic acid and the HA concentra-
tion. In the test without any amendment, 13 of the introduced embryos exposed to 1 mg/L 
PTD were coagulated within the first 24 hours and one embryo showed a non-detachment of 
the tail, but recovered after 48 hours. Hence, 13 embryos (65%) were lethally affected at 
Chapter VI 
 
152 
96 hpf. At the same PTD concentration, but with the addition of 2 mg/L HA, 15 of the intro-
duced embryos (75%) were coagulated throughout the whole test. The addition of 8 mg/L 
humic acid led to only 1 coagulated embryo (5%) at 1 mg/L PTD. Throughout the testing pe-
riod, no increase in toxicity was found. 
LC50 values for PTD with 2 mg/L and 8 mg/L humic acids could be determined at 0.711 and 
1.12 mg/L PTD, respectively, while the LC50 without any amendment was found to be 
0.85 mg/L PTD (see Table 16). 
Only few surviving embryos showed sublethal effects, mainly a reduction of pigmentation of 
the eyes and the whole body was found. Additionally, a dose-dependent brownish accumula-
tion between the yolk sac and the swim bladder as observed and documented in standard 
FETs with PTD (Chapter V) was found throughout the test runs.  
EC50 values were determined at 0.59 and 0.98 mg/L PTD with 2 and 8 mg/L humic acids re-
spectively and differed slightly from the EC50 value obtained without humic acids 
(0.74 mg/L). 
Table 16: Overview of LC50 and EC50 values determined in zebrafish embryos at 96 hpf exposed to PTD with the 
amendment of humic acid. All listed LC50 and EC50 values determined via ToxRat® probit analysis 
6.4.2 Sampling conditions and river water characterization 
To test the influence of native river water on the toxicity, two sampling days at an interval of 
10 days were chosen. During sampling for the normal river water (Wednesday, 22.05.2013, 
10:00 o’clock), water temperature of the Neckar River was 14.5 °C, oxygen content was 9.4 
mg/L, the pH ranged at 8.0 and conductivity was about 790 µS/cm. These data regarding the 
Neckar River were measured at the watergate in Neckargemünd, approximately 10 km up-
stream Heidelberg (49°24’38.49”N / 8°46’39.97”E) and were obtained from the Ministry for 
the Environment, Measurements and Nature Protection, Baden-Württemberg, Germany 
(LUBW, 2013a). 
During the second sampling (Saturday, 01.06.2013, 14:00 o’clock), a flood has reached the 
sampling point at Heidelberg and the water temperature of the Neckar River was 11.5 °C, 
oxygen content was determined at 9.5 mg/L, pH was estimated at 7.5 and conductivity was 
    LC50 (mg/L) EC50 (mg/L) 
1 h old PTD plus 
0 mg/L humic acid 0.85 0.74 
2 mg/L humic acid 0.71 0.59 
8 mg/L humic acid 1.12 0.98 
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about 275 µS/cm. Again, these data were obtained from the LUBW (2013a), measured at the 
watergate in Neckargemünd. Comparing these parameters to the ones obtained for the normal 
river water taken 10 days before, the conductivity values differed enormously due to the ex-
treme rainfalls before sampling. The day before sampling the flood river water, heavy rains 
lead to a daily total of 54 mm rainfall and on sampling day the rainfall in the morning was 
only light but increased in the afternoon with a daily total of 13 mm. As sampling took place 
during a flood, the water level of the Neckar as well as the discharge were obtained by the 
flood forecasting program by the LUBW (2013b). The values were measured about 3.5 km 
upstream the sampling site at the watergate “Karlstor” in Heidelberg (49°24’52.90”N / 
8°43’04.88”E). On Saturday, the Neckar water level kept rising up to 480 cm. However, dur-
ing sampling time, the water level was around 450 cm. The water level on the days before 
sampling ranged between 230 and 260 cm and started to rise continuously above 400 cm in 
the night before sampling. The discharge of the Neckar on sampling day was around 
1600 m³/s.  
The sampled water was analyzed for several parameters to identify the organic freight and 
especially the carbon content. Normal river water was quite clear, with a slightly brownish-
green touch and few very small particles in the water column. The river water taken during 
the event of a flood showed a different appearance: it was quite turbid with small particles, 
which seemed to be sand and mud, and medium sized particles, mainly small organic particles 
of woods and leafs, in the water column. A special focus was set on the total organic carbon 
(TOC), the dissolved organic carbon (DOC) and the SAC254 for the indication of the total 
freight of dissolved aromatic moieties. All of these parameters were significantly higher in the 
testing water sampled during the flood event. Also, the biological oxygen demand (BOD) was 
elevated in the flood water carrying more organic freight than the water sampled under nor-
mal conditions. The increased SAC254 and BOD levels had no impact on embryonic survival 
during the test, negative control mortality was always 0%. 
The standard water parameters required for a valid FET were found to be in the range as re-
quired by the OECD TG 236 (OECD, 2013a). In defrosted river water warmed up to 26 °C, 
the dissolved oxygen ranged between 7.2 and 8.7 mg/L and conductivity ranged between 726 
and 823 µS/cm during normal conditions and 344 and 430 µS/cm in the case of flood Neckar 
River water. The defrosted river water had to be adjusted to a pH of 7.7 ± 0.1, and the 
100 mg/L PTD stock solutions in adjusted river water remained within this range. During the 
subsequent test procedure, pH values ranged between 7.4 and 8.2.  
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Relevant parameters, including ammonium, nitrite and nitrate levels of the river waters are 
listed in the following table (Table 17). 
Table 17: Characterization of the Neckar River water used for the assessment of PTD toxicity under environ-
mentally relevant conditions 
  Normal Neckar River water  Flood Neckar River water 
Water appearance  
(color, turbidity) 
Clear, slightly brown-greenish, 
small particles 
Turbid, brown-greenish, plenty 
of small (mainly inorganic) and 
medium-sized (mainly organic) 
particles with approximately 1 h 
sedimentation time 
Nitrate 10 mg/L NO3- n.d. 
Nitrite 0.25 mg/L NO2- 0.1 mg/L NO2- 
Ammonium 0 mg/L NH4+ 0.5 mg/L NH4+ 
Total Hardness 20 °dH = 3.566 mmol/L 1 °dH = 0.178 mmol/L 
Chloride 50 mg/L Cl- 25 mg/L Cl- 
Phosphate 1 mg/L P2O5 = 1.34 mg/L PO4- 1 mg/L P2O5= 1.34 mg/L PO4- 
Total organic carbon (TOC) 3.580 mg/L 22.12 mg/L 1) 
Total carbon (TC) 3.663 mg/L 22.52 mg/L 1) 
Inorganic carbon (IC) 0.0882 mg/L 0.0395 mg/L 1) 
Dissolved organic carbon 
(DOC) 2) 3.010 mg/L 7.096 mg/L 
Total carbon (TC) 3.121 mg/L 7.116 mg/L 
Inorganic carbon (IC) 0.112 mg/L 0.020 mg/L 
Chemical oxygen demand 
(COD) 
14.3 mg/L (supernatant) 14.6 mg/L (supernatant) 
13.9 mg/L (homogenate) 36.8 mg/L (homogenate) 
Chemical oxygen demand 
(COD) after acidification 
17.3 mg/L (supernatant) 10.2 mg/L (supernatant) 
17.2 mg/L (homogenate) 26.5 mg/L (homogenate) 
Biological oxygen demand 
(BOD) after 5 days 1.47 mg/L 6.95 mg/L 
Spectral absorption coefficient 
254 nm (SAC254) 
0.286 1.234 
1)Due to turbidity, a 1:10 dilution was analyzed and values were re-calculated; 2)after 0.45 µm filtration 
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6.4.3 Toxicity of p-toluenediamine sulfate (PTD) in Neckar River water 
Neckar River water sampled under normal water level conditions appeared clear, with only 
small green-brownish particles. In contrast, Neckar River water sampled during the flood 
event was highly turbid, with a load of particulate matters in the water column, which, upon 
settling, made detailed observations of the embryos quite difficult (see examples in Figure 
46). Thus, for observations at 24 hpf, a pipette was used to “clean” the well bottom to allow 
the view on the embryos. In fact, most precipitations were siphoned by the aid of the pipette 
during the first water exchange. 
For subsequent procedure, all stock solutions were prepared in the turbid water with all its 
particles in the water column. However, for preparation of test concentration for the renewal 
in the wells, an excessive precipitation was avoided by allowing sedimentation of particles for 
approximately 3 minutes before refill with the resulting supernatant. To be absolutely clear 
about toxicity at the end of the test at 96 hpf, embryos which were difficult to evaluate due to 
remaining particles at the bottom of the wells were transferred into clear solution for the eval-
uation. 
All tests conducted with river water were valid: No mortality was found in control treatments, 
while mortality in positive control was between 80 - 100% at the end of the tests.  
During the test period of 96 hours, no time-dependent increase in toxicity of PTD was found: 
The mortality noted after 24 hours of exposure did not change during the course of the test. In 
Neckar River water, the PTD stock solutions aged for 4 and 8 h showed very similar dose-
response relationships no matter if tested with river water during a flood or at normal water 
levels. Thus, the resulting LC50 values were determined in a similar range.  
In 4 hours old PTD stock solution, only one embryo exposed to 0.5 mg/L and 1 mg/L was 
coagulated after 24 hours, while all embryos exposed to 2 and 4 mg/L were coagulated within 
Figure 46: Particulate matters of the river water 
during a flood event settles from the water col-
umn onto the well bottoms. Without siphoning 
most of the precipitations were found at the 
bottoms of the wells (A), at 24 hpf when the 
precipitations were pushed aside using a pipette 
tip for a better identification of effects in em-
bryos (B) and at 96 hpf, when the hatched larva 
was observed at different places within the well 
(C). 
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24 hours. The PTD stock solution tested in flood water proved most toxic after 4 h of aging, 
with an LC50 of 1.18 mg/L (Table 18). 
The PTD stock solution aged for 8 hours was tested with both, normal Neckar River water 
and Neckar River flood water. The responses in zebrafish embryos were almost identical, 
with LC50 values of 1.47 and 1.39 mg/L for normal and flood Neckar River waters respective-
ly (see Table 18). No embryo in the lower concentration (0.25 – 1 mg/L) showed any lethal 
effects, while all embryos exposed to 2 and 4 mg/L were coagulated within the first 24 hours. 
No acute mortality could be observed for 16 h old stock solution of PTD during the test. Only 
one embryo was coagulated at 0.25 mg/L because the embryo was squeezed with the pipette 
tip while renewal of the test concentration at 24 hpf. No LC50 value could be determined 
(LC50 > 4 mg/L). 
The most dominant sublethal effect seen in zebrafish embryos exposed to PTD stock solutions 
in Neckar River water was the accumulation of yellow-brownish materials in the tissues be-
tween the intestinal tract and the swim bladder (see asterisks in Figure 47). This effect was 
dose-dependent and could be observed in all tested PTD solutions aged for 4, 8 or 16 hours. 
 
Figure 47: Zebrafish embryos exposed for 96 hours to PTD stock solutions in Neckar River flood water: Where-
as no effects were seen in embryos exposed to Neckar River flood water alone (A, negative control), embryos 
exposed to 1 mg/L PTD aged for 8 hours (B), 2 mg/L (C) and 4 mg/L (D) PTD aged for 16 hours showed a yel-
low-brownish, dose-dependent accumulation in tissue between the swim bladder and the intestine tract (see as-
terisks). For the pictures, embryos were anesthetized in MS-222 and the precipitations were washed away as 
much as possible.  
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As held true for LC50 data, EC50 values were very similar and ranged between 0.57 mg/L for 
the PTD solution in Neckar River flood water aged for 4 h, 0.74 mg/L for PTD in normal 
Neckar River water and 0.53 mg/L with flood water aged for 8 h. Although no toxicity was 
evident with PTD stock solutions aged for 16 h, sublethal effects could be recorded and an 
EC50 value was determined at 0.41 mg/L PTD in Neckar River flood water. 
All LC50 and EC50 values determined at 96 hpf in river water are summarized in the following 
table. 
Table 18: Overview of LC50 and EC50 values determined in FET with zebrafish embryos at 96 hpf exposed to 
PTD in Neckar River water. All listed LC50 and EC50 values were determined via ToxRat® probit analysis. 
6.5 Discussion 
To mimic environmentally more realistic exposure scenarios in the FET, two different ap-
proaches were evolved under laboratory conditions. First, the amendment with humic acid as 
an artificial source of dissolved organic carbon and second, the performance of the FET in 
native river water sampled from a typical, anthropogenic influenced river in Germany. 
The humic acid (HA) amendment was tested in 1 hour old stock solution of PTD and the con-
centration was set to 2 mg/L HA or 8 mg/l HA, concentrations similar to the ones found in 
literature. Within 24 hours of exposure, the color of the test concentrations turned from clear 
with a slight hint of brown to brown inside the wells, no matter if the test concentrations were 
HA supplemented. This clearly indicates the reactivity of PTD in the FET medium with and 
without the addition of HA and the formation of various products by auto-oxidation and self-
coupling processes (Meyer and Fischer, 2015) as found for the standard tests with differently 
aged PTD solutions (Chapter V). Although the chosen HA concentrations were in the range of 
naturally occurring values, no strong reduction of PTD-induced toxicity in zebrafish embryos 
could be found. Similar results in effective dose and toxicity levels were found with and with-
out the amendment of humic acid. No significant difference to the cumulative mortalities of 
zebrafish embryos in media without humic acids (Chapter V or the control run), however, the 
LC50 value found in the standard FET (0.58 mg/L; see Chapter V) was slightly lower than the 
Age of PTD stock solutions in river water LC50 (mg/L) EC50 (mg/L) 
4 hours 1.18 (flood) 0.57 (flood) 
8 hours 1.47 (normal) 0.74 (normal) 
 1.39 (flood) 0.53 (flood) 
16 hours > 4.00 (flood) 0.41 (flood) 
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ones determined during this experimental set-up. Nevertheless, this variation might be due to 
biological variances between fish egg batches. 
In natural waters, the combination of fulvic and humic acids is thought to contribute mainly to 
the covalent binding of substances, especially organic compounds (Bollag and Myers, 1992; 
De Paolis and Kukkonen, 1997; Fent and Looser, 1995; Haitzer et al., 1998; Parris, 1980; 
Thorn et al., 1996; Weber et al., 1996). As an aromatic amine, PTD is supposed to react with 
humic acids in aqueous medium. Parris (1980) studied the reaction of aromatic amines with 
organic matter derived from soil and proposed two chemical reactions for ring-substituted 
anilines to humates: a fast reaction of the amino groups with the carbonyl groups of the hu-
mates and a second, slower reaction, attributed to the irreversible covalent binding. This 
mechanism can be applied to humates found in waters. Weber et al. (1996) and Thorn et al. 
(1996) investigated the reactivity for the covalent binding of aniline with Suwannee River 
water, unfractionated DOM samples and humic and fluvic acids isolated from Suwannee Riv-
er. They found humic acid to be more reactive, however since HA contributes to a much 
smaller account to the DOC in Suwannee River, fluvic acids was the main component to bind 
aniline in the samples. Additionally, the herein used humic acids sample from the Suwannee 
River was shown to contain a lower estimates of carboxyl contents than the fluvic acids from 
the Suwanee River (Ritchie and Perdue, 2003). The applied humic acids concentrations were 
not able to bind the PTD molecules and the emerging self-coupling products, although it has 
been postulated, that humic acids or other natural organic matters may serve as a free radical 
scavenger (Fabrega et al., 2009; Goldstone and Voelker, 2000; Wang et al., 2001). The poten-
tial to serve as a scavenger is marginal compared to the modulation of toxicity found with the 
amendment of ascorbic acid. 
Whereas the amendment with low (2 mg/L) and high (8 mg/L) content of Suwannee River 
humic acids did not significantly influence the toxicity of PTD, the performance of the FET in 
native river water lowered the toxicity of PTD in zebrafish embryos. It is necessary to consid-
er the complexity of natural river water. The native water sampled during a flood, showed 
much higher contents of visible material in the water column and thus a much higher total 
organic carbon level (TOC approx. 6 times elevated). Also the dissolved organic carbon level 
was about twice as found in river water of a normal stream gauge (3.0 mg/L to 7.1 mg/L 
DOC). However, no striking difference in toxicity of the 8 hours aged PTD solution was 
found when comparing the LC50 (96 hpf) value determined in normal river water (1.47 mg/L) 
to the one determined in flood river water (1.39 mg/L). 
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A time-dependent reduction of toxicity becomes obvious when comparing the determined 
LC50 values with the ones from the standard FETs. The LC50 values (96 hpf) were lowered 
approximately 2 times for the 4 hours aged PTD solution, 3 times for the 8 hours aged PTD 
solution and 5 times for the 16 hours aged PTD solutions. This clearly indicates that the mol-
ecules within the native river water needed some time to react with the PTD molecules as well 
as with possibly emerging products. It can be assumed, that the first 4 hours of aging (before 
start of exposure), the binding of the molecules to the various component of the river water, 
which are actually able to bind aromatic amines, was still reversible. After approximately 4 
hours, the concentration of covalently und thus irreversibly bound PTD molecules to compo-
nent of the river water might have increased and hence the bioavailability might have de-
creased correspondingly. Consequently, only the freely dissolved PTD concentration might 
have contributed to the toxic effects in zebrafish embryos. Several authors found a similar 
relationship between the bioconcentration of organic chemicals and the presence of dissolved 
organic matter, hypothesizing the molecule structure after binding is responsible for the re-
duced uptake into the aquatic organisms (e.g. Fent and Looser, 1995; Haitzer et al., 1998; 
Landrum et al., 1987; Leversee et al., 1983; McCarthy and Jimenez, 1985; McCarthy, 1989; 
Meinelt et al., 2006; Steinberg et al., 2007; Yang et al., 2013). Landrum et al. (1987) suggest-
ed the reduced bioavailability to rise from the insufficient time for the chemical compound to 
dissipate from the “organic matter – chemical compound” complex. Additionally the size of 
the complex might influence bioavailability: The whole complex might be either too large or 
too polar for passing biological membranes, hence only the dissolved chemical compound is 
taken up (Black and McCarthy, 1988; McCarthy, 1989). This might lead to the increasing 
reduction of toxicity of PTD with a prolonged aging period in the river water (1 h < 4 h < 
<16 h). 
6.6 Conclusions 
In river water, the toxicity of PTD has shown to be reduced compared to the FET performed 
under standardized conditions according to TG 236 (OECD, 2013a), whereas the addition of 
humic acids of 2 and 8 mg/L did not result in a significantly reduced toxicity. Humic acids 
might be a good indicator for the behavior of substances in natural environment; however the 
complexity of aggregation, disaggregation and the formation of complexes with natural occur-
ring organic matters cannot be construe solely from experimental data with humic acids. The 
laboratory tests with water collected from a typical German river with anthropogenic influ-
ences might provide an opportunity to study the behavior of aromatic substances in the aquat-
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ic environment under controlled conditions. The toxicity of PTD in the river water was not 
completely reduced and thus not all PTD and formed reactive products have been eliminated 
for bioavailability by binding to dissolved organic carbon. However, results showed that ap-
proximately 4 hours of aging is needed until more complex structures with DOC might be 
formed. 
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7. Final Conclusions 
The development and approval of alternative methods for the replacement of traditional ani-
mal studies became mandatory when the EU Regulation of Chemicals and their safe use - 
REACH (Registration, Evaluation, Authorization and Restriction of Chemical substances 
(EC, 2007)) came into force. The accepted suggestion for the replacement or at least refine-
ment of the acute toxicity test with fish is the fish embryo toxicity test (FET). The increase 
use of embryonic stages within the chorion for the testing of chemicals and new molecular 
structures, such as nanomaterials, the concerns of false-negative results in the FET due to 
poor bioavailability of particles have risen. Additionally, some substances need special re-
finements and a more sophisticated exposure design to fully cover the potential toxicity. 
Therefore this thesis covered two different aspects. First, the question whether the chorion act 
as a barrier for bulky or nano-sized substances. Second, whether small modifications of the 
test design allow the detection of toxicity of several formed products and the appraisal of the 
behavior in natural waters. 
The central issue of the present thesis was the clarification of a critical molecular size to cross 
the chorion of zebrafish embryos. As the FET is suggested to be performed not only with the 
zebrafish embryos, but also with the fathead minnow embryo, the basic of the uptake studies 
was transferred to the slightly prolonged developmental time of the fathead minnow and the 
structural differences of the chorion. With the application of high solutes of differently sized 
polyethylene glycols, the critical size for polymers to cross the chorion or embryos of younger 
than 24 hpf were ascertain to 4,000 Da for the fathead minnow, whereas the size of a chemical 
to cross the chorion of zebrafish embryos could be narrowed down to 3,000 Da. Contrarily, 
Creton (2004) found 3,000 Da sized dextran molecules not able to cross the chorion. Howev-
er, the critical sizes found with PEGs at 24 hpf might only apply to inert, non-branched poly-
mers and a 3-dimensional bulky molecule such as dextran might show a different uptake pat-
tern. In both species, the severity and rate of chorion deformations decreased, representing the 
increasing permeability of the chorion during proceeding embryonic development. Laser 
scanning confocal microscopy was used to track nano-sized fluorescent spheres when applied 
to zebrafish and fathead minnow embryos within their chorion. Carboxylate-modified micro-
spheres were completely blocked by the chorion of zebrafish and fathead minnows, although 
from the plain physical size they should have been able to be cross the chorion pores. For the 
uptake across the chorion and, as a second barrier, the embryonic membrane also chemical 
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properties of the nanoparticles are of major importance. When zebrafish embryos were ex-
posed to plain microspheres of approximately the same size as the carboxylate-modified ones, 
a signal was detected within the embryos of zebrafish. Interestingly, a strong affinity to lipo-
philic structures was found. The main fluorescent signal was found at the chorion surface and 
for the microspheres able to cross the chorion also within the yolk sac. This clearly shows the 
uptake across the yolk syncytial layer (YSL) into the yolk and hence the overcome of the sec-
ond barrier after the chorion. An exceptionally strong interaction of the carboxylate-modified 
microspheres with the chorion was also found for the adherends of the fathead minnow eggs, 
a plain, smooth area with fringed contour. The FET covers the hatched stage of embryonic 
fish (the eleuthero embryo approximately from 52 hpf onwards) and thus the chances of de-
tecting a potential (embryo)toxic chemical is very high. However, interaction with structures 
of the chorion cannot be excluded and thus, for the testing of very bulky and highly charged 
substances, it might be more suitable to test with dechorionated embryos or expand the testing 
period, as has been suggested by the OECD (2013a). Differences in toxicity between adult 
fish and embryos were hitherto stated for Luviquat at 400’000 Da (Henn and Braunbeck, 
2011) and other quaternary ammoniums (Léonard et al., 2005). 
Since the FET is already used for the assessment of chemical safety and should be applied to 
a wider range of applications, the possibility of variations in the test design to address possi-
ble self-forming products in solution has been ascertained. To place a special emphasis on 
auto-oxidation and the formation of self-coupling product, oxidative hair dye precursors, pri-
mary intermediates, were allowed to age in solution for a certain time period before test expo-
sure started. With this small but effective deviation from the standard protocol, the transfor-
mation of the precursors to various products, such as reactive oxygen species and reactive 
self-coupling products could be assessed in the FET for three hair dye precursors. Moreover, 
the amendment of ascorbic acid at 0.04% has been found to inhibit successfully the formation 
of these reactive products, resulting in a strongly reduced toxicity. Since some residues of hair 
dyes might be introduced un-oxidized into the environment due to misuse or accidents, a 
more realistic environmental aspect was transferred into the laboratory. The amendment of 
humic acids as a possible source of carbon did not result in a reduced toxicity. The complexi-
ty of aggregation, disaggregation and the formation of complexes with natural occurring or-
ganic matters cannot be construe solely from experimental data with humic acids. On the con-
trary, the performance of the FET in native river water reduced the toxicity. However, results 
showed that a certain time span is needed until the bioavailability of compounds might be 
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reduced notably depending on the kinetics of complex-formation, binding and disaggregation. 
When testing in more complex waters, this time should be given.  
Overall, the FET standard test design can be easily modified in the laboratory to learn more 
about the mode of action of a reactive substance, the modifications by other substances and 
the toxicity. More information is still needed for possible interactions of chemicals and espe-
cially nanoparticles with the chorion. The application of electron microscopy as well as the 
possibility of more precise imagery with newly developed laser scanning microscopy might 
be promising approaches. For the quantification of substances inside the egg and embryo, 
research should focus on the development of methods to the extent of which they become 
applicable and economically reasonable. Profound knowledge of the test species and the test 
performance, analytically measured concentrations, a strict documentation of parameters as 
required by TG 236 and the evaluation of not only lethality but also of all alterations from 
normal development might enforce the FET as a suitable method. 
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Annex 
(1)  Table of detailed compilation of affected, coagulated and hatched embryos exposed 
from 0 hpf onwards to differently sized PEGs 
(2)  Table of detailed compilation of affected, coagulated and hatched embryos exposed 
from 24 hpf onwards to differently sized PEGs 
(3)  Table of detailed compilation of affected, coagulated and hatched embryos exposed 
from 48 hpf onwards to differently sized PEGs 
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